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Abstract
Measurement of Paraphotons in the Double Chooz Experiment Using Articulated Arm Calibration
Methods
Edward Angus Damon
Dr. Jelena Maricic
This thesis details the design, development, and use of a novel calibration system for the Double
Chooz experiment, the Articulated Arm. The Articulated Arm is capable of making radioactive
source deployments throughout the volume of the Double Chooz Neutrino Target with a precision of
< 1 cm. The Articulated Arm is a powerful asset, able to validate detector response through direct
comparison of on-axis and off-axis points.
This thesis also details a search for paraphoton signals in the Double Chooz 3rd publication
dataset. The paraphoton is a light, electrically neutral, axion-like particle, generated from adding
a new U(1) symmetry of Baryon number - Lepton Number, with a Lagrangian of the form: L =
− 14FµνFµν − 14BµνBµν − 12χFµνBµν + 12m2γ′BµBµ. We search for decays of these particles inside
the Double Chooz Far Detector using a rate-based method. We observed no events in excess of
background, giving a new laboratory limit on the photon-paraphoton mixing angle χ at the 95%
confidence level for paraphoton masses between 26 and 30 keV. Our limiting value was χ > 4.23×
10−3 for mpara = 26 keV paraphotons.

1Preface
Plato, in the Phaedrus, likened the human character to a chariot driven by two horses, one ill-tempted
and lusty, and the other well-behaved and virtuous. In order for the chariot to move forward, the
wildness of the evil horse had to be mastered, while the strength of the good horse must be nurtured;
both must pull together in harmony. The field of particle physics is governed by two impulses as
well —- theory and experiment — and both must pull in unison for science to advance.
The history of particle physics is full of examples of this nature: theory guiding experiment, and
experiment, in turn, informing theory, and, from time to time, discovering new and unusual trails
that lead in all sorts of directions. Particle physics is also full of examples of the two horses not
working together in harmony. Experiment, without guiding theory, tends to move very slowly indeed,
creating a great deal of heat for little light, and getting stuck in blind alleys. Theory, unchained
from experimental data, tends to blind onlookers with the profusion of alternative models, while at
the same time producing almost nothing fruitful.
This thesis represents a fusion of theory and experiment. In it are combined the powerful
theoretical insights of the latest in beyond the standard model physics with new experiments and
calibration devices. Despite this pedigree, it does not claim any great discovery, merely pushing the
frontiers of knowledge back in some small ways.
Tolstoy uses the metaphor of integration in War and Peace, the adding up of infinitesimals that
makes up something large. While no work is truly infinitesimal, the point stands; there can be no
Napoleon without his army. It is the results that point towards entirely new physics that tend to
be romanticized and remembered. However, most of the time, the work of scientists is what Kuhn
called ”normal science” in Structure of Scientific Revolutions, the everyday confirmation or rejection
of theory, adding detail and texture to the broad brushstrokes that are the starting points of new
physics.
This work is vital, particularly so in fields which exist on the cusp of something new, as in
neutrino physics. It is a seeming paradox; there is so much unexplained and unknown about the
neutrino that even new discoveries, like the values for the mixing angles in the PMNS matrix, seem
humdrum. This war of attrition, the slow wearing down of the unknown, lacks the drama of the
eureka moment, the brilliant tactical maneuver that changes the course of events, but it only by
these small discoveries, purchased at great cost, that science advances.
2Chapter 1
Introduction
Machines were mice and men were lions, once upon a time. But now that it’s
the opposite, it’s twice upon a time.
Moondog [8]
For most of the post-war era, the neutrino has been an unwanted guest in the house party of
particle physics, the sort of person who is prone to spill unexpected experimental results on the
carpet of theory not once, but time and again. However, one can hardly fault it; it was first invited
to the party only reluctantly, in order to save one of the most cherished laws in physics — that
of momentum conservation. Beginning in the early 1900, experiments investigating the spectrum
of β-decay (also referred to as a neutron decay) had a puzzling result; the two particles that were
known, the proton and the electron, had a continuous, rather than discrete, kinetic energy spectrum.
1.1 Initial Discovery
Beta Decay and the Neutrino
For ordinary one → two body decays, like what was being observed in the β-decay- n → p + e−,
momentum conservation requires that the momentum of the two daughter particles must cancel
out, leaving only the initial momentum of the mother. Moreover, one of the daughter particles, the
proton, is much more massive than its counterpart, meaning that the majority of the momentum
3from the interaction will be transferred to the proton. To be explicit-
pnet = pproton + pe− = 0 (1.1)
Einital = 0→
p2e−
2me−
+
p2proton
2mproton
= Edecay (1.2)
p2e− · (me− +mproton)
2mproton ·me−
= Edecay (1.3)
pe− =
√
Edecay · 2mproton ·me−
(me− +mproton)
(1.4)
meaning that the observed kinetic energy of the outgoing electron should show a discrete peak
associated with the energy of the decay. However, what was observed was rather different; namely,
a continuous kinetic energy spectrum [9] rather than the expected discrete peak.
Many explanations to this troubling problem were offered, notably: a weakening of the law
of conservation of energy, proposed by Bohr, which would require energy to only be conserved in
aggregate, or a new, charge-less subatomic particle, proposed by Fermi in a 1930 letter [10]. Initially
termed a neutron, (though its name was quickly changed to “neutrino,” little neutral one, after the
discovery of the more massive neutron) this particle was postulated to be neutral in charge, 1/2h¯
in spin, and in possession of only a very small mass. This would save the law of conservation of
energy, but at a terrible price, as detecting this particle would be incredibly difficult; as Pauli joked,
“I have done a terrible thing, I have postulated a particle that cannot be detected.” [11] A gloomy
statement indeed, but not entirely inaccurate. It took until 1956 for the neutrino to be detected by
the experiment of Cowan, Reines, et al [12].
1.2 First Detection
The experimental detection of the neutrino required an attack from many directions. First, and
perhaps most importantly, a massive source of neutrinos was required to overcome the intrinsic low
cross section of the weak neutrino interaction. Second, the experiment would require a signature
that was unambiguous, to ensure that backgrounds from the reactor did not drown out the neutrino
signal in a sea of noise. The solutions that were hit upon were used by many subsequent neutrino
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To resolve the first issue, Cowan placed the neutrino detector close to a nuclear reactor, as the
number of neutrinos generated from even a small nuclear reactor far outnumber those that could be
generated from a strong radioactive source. The neutrinos (or, to be more precise, anti-neutrinos)
that were generated from beta decay in the nuclear reactor would be detected in the inverse reaction
of what initially prompted the postulation of the neutrino, the inverse beta decay p+ ν¯ → e+ + n.
The positron from this reaction would annihilate with electrons present in the target, generating a
pair of γs, which in turn would generate a large number of photons as a result of the scintillating
material present in the target. These photons would be detected with photomultiplier tubes: high
sensitivity, fast read-out, low deadtime, photon detectors.
Their initial signal was ambiguous, so their second innovation was to dope the target with a
neutron-absorbing material, allowing for a double signal of prompt positron annihilation and delayed
neutron capture. The material that they used to generate the neutron capture signal was Cadmium,
which reacted via n+108Cd →109mCd →109Cd +γ. The two innovations — the double signal and
the large neutrino flux are still the basis for many modern neutrino experiments, such as Double
Chooz, an experiment that will be discussed in more detail later.
1.3 The Solar Neutrino Problem
The 1960’s brought two major changes to the understanding of the neutrino: one long-expected and
the other a rude shock. The former was the detection of the muon neutrino in 1962 by Lederman
et al [13]. First predicted as a result of observed muon decay µ→ νµ + ν¯e + e− which had a single
easily observable product, but the spectrum of a 3-body decay. The delay in the muon neutrino’s
detection was caused by difficulty of producing heavy mesons.
The development of the Alternating Gradient Synchrotron (AGS) allowed for the creation of
large numbers of pi mesons, which decay into a muon and a muon neutrino via pi− → µ−+ ν¯µ. With
a suitable shield (in the case of AGS, a massive steel shield made from discarded battleship hulls)
the muons were stopped before the target region — a series of sequential neon-filled spark chambers
— while the neutrinos sailed through in their ghostly way.
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fraction interact with the neon to produce muons again, triggering the spark chamber and allowing for
a photograph of the produced track. The experiment had a total live-time of 6 seconds, during which
only 51 of the muon neutrinos were observed. Nevertheless, this Nobel-prize-winning experiment
proved the existence of the muon neutrino and helped to cement the parallelism of the leptonic
particles.
At around the same time, much work was being done on the development of solar models. The
standard solar model of Bahcall [14] was developed to explain most of the observed physics of the
sun. These models were, however, very sensitive to the exact nature of the reactions going on in
the solar core, a region unobservable to standard astronomical techniques. Photons generated in
the core of the sun are not observable, as they must pass through the solar surface — an enormous
amount of hot, dense gas opaque to photons.
Neutrinos offered a powerful tool to pull apart the problem, as they were directly produced by the
reactions in the core, and were able to pass through the rest of the sun to reach earth-based detectors
without being absorbed and re-emitted, as photons are. To observe these neutrinos the Homestake
experiment was proposed and developed by Ray Davis and John Bahcall. Essentially a giant (100,
000 gallon or 380 cubic meters) tank of dry cleaning fluid (rich in chlorine), the experiment was
located deep underground at the Homestake gold mine in the town of Lead, South Dakota.
The experiment was designed to measure solar neutrinos via interactions with chlorine — νe+
37Cl→37Ar+e−.
The argon is then recovered from the detector and counted, giving the total number of neutrino in-
teractions. Since the argon is recovered from the detector periodically, there’s no good technique to
filter out cosmic ray (or other) backgrounds, necessitating the extreme depth of the experiment.
Despite the care taken in the experiment, the initial results were somewhat disappointing; ap-
proximately one-third of the predicted neutrino flux was observed in the detector [15]. At first,
this was assumed to be a result of an undercount in the number of argon atoms in the detector,
but, after bubbling argon through the detector and checking the argon generation rate through the
deployment of calibration sources, the experiment was found to be making an accurate count of the
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The mystery of why the solar neutrino flux measured by Homestake (and, later, other experi-
ments) was far in deficit of the expected result became known as the “solar neutrino problem,” and
was the subject of intense speculation. Either the standard solar model was wrong, or there were
some new physics in the neutrino sector.
Naturally, initial investigations centered around changing the standard solar model. However,
data gained from helioseismology suggested that the standard solar model was correct about the
basic structure of the core of the sun [16]. Even stranger, the neutrino flux results from Homestake
seemed in direct opposition to the neutrino spectrum results of experiments like Kamiokande.
Kamiokande, or more properly, Kamiokande II was a water Cherenkov detector. Initially designed
to search for proton decay, it was re-designed to measure the solar neutrino flux through neutrino
scattering on electrons. Though the cross-section for this reaction is small, the sheer volume of
the Kamiokande-II detector meant that some of these reactions would occur. Moreover, Cherenkov
radiation signals impose a clear directionality on neutrino interactinos, which allowed the detector to
point back towards the source of the signal. Additionally, the detector was, unlike the radiochemical
detector used by Homestake, capable of determining the energies of the neutrinos that it detected.
By examining the solar neutrino spectrum, the experiment was able to get a rough measure of the
physics going on inside of the sun. These results were incompatible with the reduced temperature
changes proposed to the standard solar model as a result of the Homestake experiment. Moreover,
the total neutrino flux measured by Kamiokande was half of that expected by the standard solar
model, rather than the third of expected flux measured by the radio-chemical Homestake experiment.
1.4 Resolution of the Solar Neutrino Problem
Something deep and mysterious was afoot in the neutrino sector. To untangle this mystery, however,
further knots needed to be added in the form of an atmospheric neutrino deficit. In addition to
looking at solar neutrinos, Kamiokande II was also engaged in measuring atmospheric neutrino
ratios. Atmospheric neutrinos are generated by high energy cosmic rays in the upper atmosphere
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pi±(K±)→ µ± + νµ(ν¯µ) (1.5)
µ± → e± + νe(ν¯e) + ν¯µ(νµ) (1.6)
Therefore, the ratio of νe to νµ (including both neutrinos and antineutrinos) should approach
1:2. However, when the ratio was measured by Kamiokande II, it was found to be about 0.6 of the
expected value [17]. Something had to be causing an overproduction of some neutrino species and
an underproduction of others. One proposal for the solution of this issue was to borrow the concept
of flavor mixing from the quark sector and use it for neutrinos, such that neutrinos produced in one
flavor would oscillate into other flavors.
Since the sun was assumed to produced almost exclusively electron-flavor neutrinos, solar neu-
trino experiments to date had been designed to detect electron neutrinos, rather than being sensitive
to all the three different neutrino flavors. Therefore, a detector sensitive to all three neutrino flavors
would be able to detect the true solar flux, and confirm the oscillation hypothesis.
Initial hints of the confirmation of this hypothesis came from the upgraded Super Kamiokande
Detector in 1998, when it found evidence of neutrino oscillations in atmospheric neutrinos. This
result was rapidly followed by the confirmation of solar neutrino oscillations from the Sudbury
Neutrino Observation (SNO), a heavy water neutrino detector in Canada. SNO, like the Kamiokande
experiment, was based around use of Cherenkov light to detect neutrinos. However, because the
heavy water used by SNO, it was able to view neutral current interactions of the form: νx+
2H
→ N + P + νx, unlike the Kamiokande experiment, making it sensitive to neutrino interactions of
all flavors. SNO’s measurements of the total neutrino flux confirmed the standard solar model [18],
while the proportionality of the three flavors confirmed neutrino oscillation as the explanation for
the solar neutrino problem. A graph of this can be seen in Fig. 1.1.
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rates, showing a deficit [1].
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91.5 Neutrino Oscillation and the PMNS Matrix
Neutrino oscillations were originally developed by Pontecorvo in the late 1950’s as a way of char-
acterizing the uncertain Majorana nature of the neutrino [19]. This idea was expanded by Maki,
Nakagawa, and Sakata in the 1960’s, creating a mathematical framework to handle neutrino flavor
oscillations, CP phase violations, and the Majorana “angle” of the neutrino [20].
The PMNS (Pontecorvo, Maki, Nakagawa, Sakata) matrix is a unitary “rotation” matrix which
acts on a vector in the mass basis (ν1ν2ν3) to transform it into the flavor basis (νeνµντ ) , i.e.

| νe〉
| νµ〉
| ντ 〉
 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3
×

| ν1〉
| ν2〉
| ν3〉
 (1.7)
The unitary matrix (U above) is the PMNS matrix, and can be decomposed into a trio of rotations
matrices and a Majorana matrix [21].
U =

1 0 0
0 c23 s23
0 −s23 c23
×

c13 0 s13e
−iδCP
0 1 0
−s13eiδCP 0 c13
×

c12 s12 0
−s12 c12 0
0 0 1
×

eiφ1 0 0
0 eiφ2 0
0 0 1
 (1.8)
In the equations above, the cxy and sxy terms are sines and cosines of the neutrino mixing
angles θxy, while the δ is the CP-violating phase and the φ is an adjustable parameter to account
for the Majorana-ness of the neutrino. Specifically, the neutrino is not prohibited by experiments
from acting as its own anti-particle. If a neutrino is a Majorana particle (able to act as its own
anti-particle) it will have a Majorana phase and the term φ will be non-zero. Similarly, if there was
no neutrino flavor mixing, the θxy terms would be zero. However, the neutrino flavor mixing angles
are known to be non-zero, and can be experimentally determined by measuring the appearance and
disappearance of neutrino flavors.
To be more precise, neutrinos are produced as a result of weak interactions, forcing the neutrino
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into a known flavor eigenstate. Since the neutrino is in a flavor eigenstate, the mass eigenstate is a
linear combination of all three values. As the neutrino propagates, it can be treated as a plane wave
of the form
| Ψi(t)〉 = e−i(Ei·t−−→pi ·−→x ) | Ψi(0)〉 (1.9)
In the relativistic limit, this equation reduces to
| Ψi(L)〉 = e
−imiL
2E | Ψi(0)〉 (1.10)
Therefore, the probability of a neutrino changing flavor between creation and detection can be
expressed as
Pa→b =| 〈Ψb | Ψa(t)〉 |2 =|
∑
i
U∗aiUbie
−imiL
2E |2 (1.11)
where U is the unitary mixing matrix discussed previously.
It is at this point that we leave the realm of historical overview, and enter into the world of
modern neutrino experiments, designed to measure the various parameters of the neutrino mixing
matrix U. One particular experiment, Double Chooz will form the core of thesis.
1.6 Chapter Overview
This thesis is broken into three primary chapters, in addition to this introduction. The contents of
each chapter are addressed in turn, beginning with the chapter discussing the Double Chooz neutrino
mixing experiment. This is followed by a chapter focusing on our unique contribution to the Double
Chooz experiment, a the articulated arm calibration device. Finally, the thesis turns to a search for
paraphotons, a light, neutral, axion-like particle in the Double Chooz 3rd publication data set.
The Double Chooz Experiment and the Search for θ13
In Chapter 2, the thesis discusses of Double Chooz experiment, and the results of its search for the
mixing angle θ13. However, the groundwork must first be laid; the chapter begins with a discussion
of the physical experiment, as well as the software tools that have been developed to assist in the
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analysis of Double Chooz data. The experimental performance of the detector is then discussed, as
well as a brief mention of the results of other modern θ13 searches.
The Articulated Arm and Full-Volume Calibration of the Double Chooz Experiment
In Chapter 3 we will discuss the articulated arm, a full volume calibration system developed for
the Double Chooz experiment. Despite the success of Double Chooz, there are improvements that
can be made to the accuracy of the detector. One of the most striking areas that can be improved
is the ability of the experiment to accurately reconstruct neutrino position inside the detector and
improve sensitivity of the θ13 final measurement in Double Chooz. To this end, a full-volume
calibration device was constructed, tested, and deployed in the far detector of Double Chooz. The
development, simulation, and results of the device are detailed in this chapter.
Paraphotons
In Chapter 4 we will discuss use of the Double Chooz detector to observe paraphotons. Paraphotons
are heavy bosons generated by a U(1) extension of the standard model, an extension motivated
by some anomalous results from astronomical observations. The paraphoton also helps to explain
the light mass of the observed neutrino flavors. This chapter will briefly cover the theory of the
paraphoton, as well as the use of Double Chooz to detect them, and the results of a search for them
in the Double Chooz 3rd publication dataset.
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Chapter 2
Double Chooz: First Hints of θ13
2.1 The State of the PMNS Matrix
In the time since the confirmation of neutrino oscillations by SNO, a great deal of experimental
work has been performed to determine the values of the terms of the PMNS matrix. The values
can be referenced by their position within the matrix or by the most common method of detection.
For example, the mixing angle θ12 and associated mass difference ∆m
2
12 is termed “solar” as solar
electron neutrinos are source particles for the experiments. A long baseline is required for maximal
oscillation between mass state 1 and 3. Similarly, the mixing angle θ23 is the atmospheric mixing
angle, due to the use of atmospheric muon neutrinos as a source particle and the mixing angle θ13
is the reactor neutrino mixing angle (though θ12 is sometimes also termed a reactor neutrino angle
as well).
The Chooz experiment was an early attempt to measure the reactor neutrino (θ13) mixing angle.
Based outside of the Chooz nuclear power plant, it was not able to observe oscillation, but was able
to set an upper on the value of the sin2(2θ13) < .17, assuming a large ∆m
2 [22]. To improve upon
the Chooz results, a new collaboration (Double Chooz) was formed, with a plan to quickly, cheaply,
and accurately measure the mixing angle θ13, or at least reduce the upper bound significantly.
Double Chooz would improve upon the Chooz bound in two primary ways. First, by introducing
a second detector it is possible to normalize the reactor flux and eliminate uncertainties caused
by reactor thermal power output. Second, Double Chooz would utilize improved technology and
techniques to increase energy resolution and neutrino detection, allowing for improvement over the
Chooz bound during the initial one-detector phase of operation.
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2.2 The Double Chooz Detectors
Double Chooz, like Chooz before it, is built near the Chooz nuclear power plant. The primary
scientific apparatus of Double Chooz lies in two detectors: the Near and Far Detector. Figure 2.1
illustrates the near and far detectors, along with their relationship to the reactors.
Figure 2.1: The near and far detectors [2] with their distances to the reactors.
The detectors consist of a series of co-centric cylinders, as can be seen in Fig. 2.2. Beginning from
the innermost, we have the neutrino target (NT). The NT is a sensitive region 115 cm in radius and
245.8 cm in height filled with gadolinium-loaded liquid scintillator, separated from other volumes
by an acrylic vessel. Around the NT is the γ catcher (GC), which is also filled with scintillator,
but is not gadolinium-doped. This GC is also surrounded by an acrylic vessel. Outside of the GC
vessel is the buffer, which is loaded with mineral oil and is surrounded by a stainless steel enclosure.
The buffer is designed to act as a non-sensitive region to help filter out background signals and is
instrumented with photomultiplier tubes, or PMTs, designed to detect the signals originating in the
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Figure 2.2: Side view of the Double Chooz Far Detector [3].
NT. Finally, the outermost volume is the inner veto (IV), which is a scintillator-filled stainless steel
vessel designed for vetoing muons and external radiation.
2.3 Experimental Setup
The neutrino target (NT) is similar to the early neutrino experiments of Cowan [12]. It is filled
with a mixture of dodecane and PXE (Phenyl-XylylethanE) in a 80:20 volume mixture ratio. The
dodecane slightly reduces the light yield (78% of pure PXE) of the scintillator [2], but increases
compatibility with the acrylic vessels. This liquid mixture is doped with gadolinium, in the form of
Gd-loaded carboxylic acid in a concentration of 1 g per liter of target scintillator.
The NT is the sensitive volume, in which ν¯e from the nearby reactors will interact via inverse
beta decay: ν¯e + p → n + e+. The vast majority of the kinetic energy of the incoming neutrino
will be transferred to the positron. The positron will then rapidly annihilate with electrons in the
target, producing a pair of annihilation γ’s. The gamma rays and the kinetic energy of the e+
produce scintillation light, which is then detected by the 390 PMTs mounted on the inside of the
buffer vessel.
The neutron, meanwhile, will thermalize within 20.5 µs, then diffuse and be captured on the
gadolinium with a capture time of approximately 30 µs, producing a shower of γs with a total
Chapter 2: Double Chooz: First Hints of θ13 2.3 Experimental Setup
15
Figure 2.3: Double Chooz detector electronics block diagram.
energy of 8 MeV. The neutron can capture on other elements in the target, most notably, hydrogen
and carbon, but the neutron cross section for the gadolinium is much larger. The basis for Double
Chooz neutrino detection is to look for this double signal: prompt positron annihilation followed
by a delayed Gd capture. While inverse beta decay can occur elsewhere in the detector, the other
regions lack the gadolinium that produces the delayed event.
With that said, there are a number of events that are either “gained” or “lost” because of
neutron transport across the GC/NT boundary. The events that are gained are termed “spill-in,”
while events that are lost are termed “spill-out.” To first order, the number of spill-in and spill-out
events are identical, but closer examination of this effect is essential to a proper calculation of the
sensitive volume of the experiment, and the proper calculation of θ13. This task is best accomplished
through the use of calibration systems, such as the Articulated Arm, detailed in Chp. 3.
As previously noted, the detection devices for Double Chooz are photomultiplier tubes (PMTs).
Specifically, Hamamatsu R7081 10 inch PMTs with low-radiation glass are used for the buffer. The
PMTs are supplied with high voltage to ensure a gain of 107. The testing procedure used to assure
this gain will be detailed in Sec. 2.3.2. The signal from these PMTs is sent to the data acquisition
system (DAQ), which consists of three principle parts: the Front End, the FADC (Flash ADC), and
the Trigger. A block diagram of the system can be seen in figure 2.3
The Front End is designed to optimize pulses: amplifying, clipping, and performing baseline
restoration of input pulses, as well as filtering coherent noise, and delivering summed signals to the
trigger. Pulses from the Front End are sent to the FADC for digitization. The total volume of
data if all pulses would be retained would be very large, so a Trigger system is in place to act as a
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“pre-filter” on signals. The Trigger works by comparing the summed pulses sent by the Front End to
the input amplitude after the end of the pulse window. The signal difference required is 350 keV of
deposited energy, which causes no trigger inefficiencies. The analysis threshold for neutrino signals
is 0.7 MeV of deposited energy and the minimum deposited positron energy in a neutrino event is
1.02 MeV, far above the trigger threshold. In addition to filtering out small signals, the trigger also
acts as a high-pass filter, since very slow signals will not change substantially between the initial
signal and the comparison after the pulse window.
The final element of the DAQ is the FADC, which continuously writes to a buffer. The buffer
can hold up to 1024 4-microsecond waveforms. When a trigger occurs, a waveform of 256 ns is
recorded. The FADC saturates at signals >100 MeV, far in excess of the expected neutrino signal.
The FADC baseline is stable to within an ADC count normally, however, after power-cycling, small
(< mV level) shifts in the baseline have been observed. The effect of these changes to the baseline
could cause distortion in signals of less than 2 PEs, but steps were taken to minimize the effects of
the baseline shifts.
2.3.1 Alternate Analysis Tool
Raw data from the buffer is in the form of 2 ns binned current from each PMT. This data is then
run through the RecoPulse algorithm, which takes the raw data and chops it into a finite set of
“pulses,” and correlates them into events, which correspond to a number of pulses with a similar
start-time. This necessitates throwing out a large amount of empty data, which is to say, data in
which there is either an insufficient amount of charge in a pulse, or the “depth” (amplitude) of the
pulse is below a certain threshold. The data with small or shallow signals is thrown out to try to
reduce the amount of PMT noise. However, there is a risk of throwing out channels which have a
small amount of charge, introducing energy- and position-based distortions into the reconstructed
energy of an event.
The risk primarily is because of the discrete photo-electron response of the PMTs. A PMT relies
on the photoelectric effect, producing an discrete number of electrons. These photo-electrons are
then drawn through a series of stages, with the number of total electrons increasing at each stage.
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Figure 2.4: Sample Gaussian single photoelectron response (SER) also showing the pedestal
(brown).
The entire process begins with an discrete number of electrons, resulting in a “smallest” possible
signal: the single photoelectron.
Despite the fact that there is a “smallest” signal, not all “smallest” signals are identical. For
PMTs, there are two types of single photoelectron signals: exponential and Gaussian, depending on
the PMT model. Gaussian-type responses produce single photoelectron signals which look roughly
Gaussian, as the name suggests, while exponential-type responses are reasonably well-described by
a decaying exponential. You can see an example of a Gaussian-type single photoelectron response
(SER) in Fig. 2.4.
In this graph, the highlighted region consists of the pedestal, which is the signal given by the
PMTs which see no light, and the low energy part of the SER. Using the standard analysis tools,
signals in the highlighted region are thrown away. Most of these signals, specifically the ones in the
pedestal and in the “dip” region are noise. However, you can see that there is a small fraction of
SER events which are thrown away by the standard set of cuts. Potentially, one could save those
low amplitude signals by making use of a different set of cuts, but at the risk of contaminating the
signals with low-amplitude noise from the pedestal and the “dip” region.
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Figure 2.5: Dummy integrator compared to the standard analysis tool on Ge 68 Monte Carlo
data.
To test if it’s possible to capture these low charge channels without increasing the amount of
noise, we developed an alternate analysis tool, with adjustable cuts as well as a ”dummy integrator,”
a tool which has no noise rejection and just naively sums the charge over the entirety of a pulse.
These tools are used after the pulse reconstruction step of data analysis, and produce per-channel
charge calculations. Figure 2.5 compares the per-channel charge response of the “dummy integrator”
to that of the standard Double Chooz analysis tool. The channels with negative charge are expected
as a result of a naive baseline subtraction on channels which see no signal.
It can be seen that there is a region in which the manual tool captures charges that are discarded
by the standard (Common Trunk, or CT) analysis tool. This is due to a pair of cuts that the CT
tool puts on incoming signals: a total charge requirement and a current minimum requirement. The
total charge requirement keeps pulses with total charge Qpulse > 5 × RMSPed ×
√
Nbins, where
RMSPed is the root mean square of the pedestal of the signal, with the pedestal being determined
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by the 10 nanoseconds of data before the start of the pulse, while Nbins is the number of bins in the
pulse time window and Qpulse is in arbitrary units, referred to internally as DUQ (Digital Units of
Charge) which are later calibrated into energy through the use of calibration systems and the known
energy of the gadolinium capture peak. The raw pulse data is current as a function of time, in two
nanosecond bins, for a total of 256 nanoseconds from the start of the pulse.
The second requirement is that there be at least one bin in the pulse which has a current over
2 units (as above, these are arbitrary units which are later turned into physical units through
calibration). Once the charge- and current-based requirements are applied to ensure that the pulse
is not just a background fluctuation, the pulse start time is calculated by scanning over the bins and
finding the first bin in which the current is greater than 30% of the maximal current. A diagram of
this standard way of handling pulses can be seen in Fig. 2.6.
In the alternate analysis tool, the following changes are made. First, the charge-based cut was
eliminated, though the current-based cut was kept. This was implemented to allow for more low-
charge pulses to be kept. Second, the charge integration period was changed to begin 10 ns before the
“pulse start time.” This includes more of the pulse, as beginning integration at the “pulse start time”
is guaranteed to miss some charge in the early bins. The pedestal subtraction was proportionally
increased by the expansion of the integration window, so the danger of adding additional pedestal
charge was minimized.
After these changes were implemented, the CT Reco Pulse and our alternate analysis tool were
tested against each other to see which tool induced the largest error in reconstruction. Additionally,
a third algorithm, which integrates over the full 256 ns of pulse with no cuts, was used as a sanity
check. This test was performed by generating a set of MC data corresponding to four different
isotopes in the center of the detector: 137Cs, 68Ge, 60Co, and 252Cf . The three reconstruction
algorithms were then used on the four data sets, producing an “energy response” function for them.
This energy response is scaled such that all of the algorithms reconstruct the 2.2 MeV hydrogen (n,γ)
capture of 252Cf neutrons at the proper value. The scaled energy responses of the three algorithms
are then checked at four points, and their deviations are compared to the true energy. A plot of the
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Figure 2.6: Standard pulse reconstruction tool selecting the region between the two black
dotted lines.
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Figure 2.7: Three tool comparison, showing the superior performance of the alternate tool at
lower energies.
results can be seen in Fig. 2.7.
As can be seen, the alternate analysis tool performs better than the standard tool close to the
2.2 MeV peak, but at higher energies the standard analysis tool is superior. The delayed part of the
neutrino signal is at the 8 MeV capture peak. In this region the standard analysis tool performs a
more accurate energy reconstruction. Therefore, the alternate analysis tool was not used as a part
of official Double Chooz publications, but remains a useful tool for examining changes to the energy
scale in the very low energy region.
2.3.2 PMT Gain Calibration
As photomultiplier tubes (PMTs) are the primary detection devices used by Double Chooz, under-
standing their behavior is vital for the experiment. The signal produced by a PMT in response
to an incoming photon must be known for the proper determination of θ13. In general, the charge
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produced by a PMT is approximately linear to the energy of the incoming event, with the charge
out being related to the charge in by QOut = G
′ ·QIn. Since the experiment uses Analog to Digital
Converters to map charge to a digital value, we can include them in the signal chain calculation by
expressing signal not in terms of charge, QOut, but in terms of “ADC” counts, A.
This change of variables to those which are directly measured by the experiment gives the fol-
lowing expression: A = G ·QIn +AP , where AP is the pedestal of the ADC, and G is the gain. The
pedestal is the ADC value when there is no signal, and is typically well-described by a Gaussian
with a mean and variance of µp and σp respectively. With this basic picture established, we now add
some additional complexity in the description of the response of the PMTs to incoming photons.
PMTs produce a discrete number of photoelectrons at the photocathode when struck by a light
signal, but one photon can produce at most one photoelectron. The response to a single photoelectron
is well described by two possible profiles: Gaussian and exponential. For an exponential-response
PMT P1(Q), the probability that a single photoelectron signal produces an output charge Q is
P1(Q) =
1
q0
e−
Q
q0 Θ(Q)dQ with Θ being the Heavyside step function. For a Gaussian response,
P1(Q) =
1
σ
√
(2pi)
e
−−(Q−q0)2
2(σ2) Θ(Q)dQ.
From these distributions, it’s possible to extract the mean, µ and variance, σ2. For the Gaussian
case, µg = q0 and σ
2
g = σ
2, while for the exponential case, µe = q0 and σ
2
e = 2q
2
0 . For most
signals the PMT detects more than one photoelectron. In fact, the number of photons, n, seen by
a PMT in response to a light signal of some arbitrary fixed strength is well described by a Poisson
distribution, P (n;µ) = µn!e
µ, where µ is the mean value of the distribution. A particular feature of
the Poisson distribution is the relation between the mean, E, and the variance, V : E[n, P (n;µ)] =
V [n, P (n;µ)] = µ.
Since we know the response of a PMT to a single photon signal, the response of a PMT to a set
of constant-energy light pulses with Poisson mean µ can be determined. The response of a PMT
to a single photon is P1(Q), and, therefore, the response of the PMT to N photons is obtained
by convolving the single event distribution with itself N times. We shall proceed assuming an
exponential probability distribution for the single photoelectron response, P1(Q). These results are
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Figure 2.8: Analytic charge probability distribution compared to Monte Carlo for µ = 0 and
q0 = 1, showing strong agreement [4].
easy to replicate for the case of a Gaussian response, and the results of this analysis for a Gaussian
PMT will be given at the end of the chain of calculation.
It can be readily determined that the result of N convolutions of P1(Q) with itself, PN (Q), is
PN (Q) =
QN−1
(N−1)!qN0
e−Q/q0 . The distribution has a mean value of µ = nq0 and a variance σ2 = n(n+
1)q20 . We don’t know the exact number of photons that will be arriving, but the number of photoelec-
trons that will be produced is defined by the Poisson distribution, P (n;µ). Therefore, the expected
signal that will be arriving is described by a probability distribution Pµ(Q) =
∞∑
0
P (N,µ)PN (Q).
This sum can be expressed analytically as P (Q;µ) = 1q0
√
µq0
Q I1(2
√
µQ
q0
)e−(µ+Q/q0) with I1 being the
modified Bessel function of the first order. A comparison of this analytic probability distribution to
a simplified MC model can be seen in Fig. 2.8:.
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Figure 2.9: Comparison of calculated statistical values to Monte Carlo, showing strong agree-
ment [4].
With the analytic expression validated, one can use it to calculate the expectation value and
variance of a PMT that sees a light signal as described above. Specifically, µexpectation = q0µPoisson
and σ2 = 2q20µ. These results are validated against a Monte Carlo model in Fig. 2.9.
As noted previously, this same procedure can be performed with a Gaussian single photoelectron
response, as well as for an exponential. The point of divergence for this sort of PMT arises with the
self-convolution of the Gaussian response function. Making use of the Fourier transform property
that maps convolution to multiplication in wavelength space, we can arrive an an analytic expression
for the convolution of a Gaussian by itself n times, PGaussiann Q. Specifically, P
Gaussian
n (Q) =
ae
−(x−bn)2
2c2n where cn =
√
nc21 and bn = nq0. This is another Gaussian with a mean which is the sum
of the means of the original Gaussian and a variance which is the quadratic sum of the variances.
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The rest of the calculation follows as above, but with the substitution of the Gaussian form for the
exponential one.
To add an additional wrinkle into our analysis is the fact that we digitize charge by running it
through an ADC. The value that is then returned depends not only on the gain of the ADC, but
also on the mean and variance of the pedestal of the ADC, as noted previously. Using the statistical
values calculated previously, Aexp = Gµq0 + µp, where Aexp is the expected ADC value and µp is
the mean value of the pedestal, and σ2exp = G
22µq20 +σ
2
p, with σ
2
p being the variance of the pedestal.
Our desire is to isolate the gain (in ADC counts per photoelectron) G from the calculation above.
Obviously, if there is no pedestal, taking the ratio of the two quantities gives 2Gq0, with q0 being
the mean charge detected for a single photoelectron. However, since real ADCs have a pedestal,
this simple ratio doesn’t work. Instead, if one varies µ by varying the level of the light signal, the
contribution of the pedestal is constant. Therefore, if one varies the light level, the effects of the
pedestal will not change, allowing one to isolate the gain by taking data from a PMT at a variety of
different light levels, then plotting variance against mean, and taking the slope of the resulting line.
Another way of determining gain is to measure the ADC values resulting from a pulse generated
by a single photoelectron. If the measured pulse is produced by one and only one photoelectron, the
gain, will be given by G = A/q0, since one does not have the pedestal contribution if pedestal pulses
are able to be excluded. One can exclude the pedestal by implementing a threshold value of charge
such that the pedestal falls below the threshold. This single photoelectron peak method of gain
calibration is much faster than the use of photostatistics, since the photostatistics method relies on
having large amounts of data at multiple energies, but the single photoelectron peak method relies
on having a light pulse of sufficiently small intensity such that the PMT being calibrated produces
a single photoelectron response, something that requires additional apparatus for most commercial
LEDs.
To confirm that the two methods give equivalent gains for the exact same PMT, we built a test
apparatus at Drexel University and tested two different PMTs, a Hammamatsu R1408 PMT and a
Hammamatsu R7081 PMT. These two PMTs were chosen because they are the PMTs that are used
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Figure 2.10: PMT gain testing electronics block diagram.
in the IV and Buffer of Double Chooz, respectively. To reduce noise and the risk of light leaks, the
two PMTs were tested in copper-foil covered dark boxes. At the top of the dark box is mounted
an LED, which is covered by a diffusion-filtered, black-painted can during the single photoelectron
portion of the test. A diagram of the electronics used as a part of the setup can be seen in Fig. 2.10.
The gate system is required to ensure that the calibration signals that are being used are not
contaminated by dark noise and to avoid problems associated with saturating the ADC. Since a gate
system is required, delay must be put on the gate signal to ensure that the signal produced by the
LED pulse falls entirely within the gated region of the ADC. For the photostatistics test we varied
the amplitude of the pulse produced by the pulse generator causing the LED to produce differing
levels of light. Because of the power of the photostatstics method, the exact relationship between
pulse amplitude and light produced is not important, as the only requirement for the method to
work is that the light pulses produce different numbers of photoelectrons. We applied pulses of 40
ns at various voltage levels, between 1 and 8 volts to the LED, and took 10,000 points per voltage.
The means and standard deviations of the ADC readings at a given voltage were plotted against
each other. The plot can be seen in Fig. 2.11.
There are two regions in the plot in figure 2.11. The first region, which is fit by a line, is the
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Figure 2.11: Photostats mean and variance for PMT #6416, showing linear fit up to satura-
tion.
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Figure 2.12: Sample three-part fit of PMT # 6416.
useful signal region. Beyond µ = 1500, the system saturates, meaning that increasing the signal does
not increase the variance, following the relationship discussed above. Saturation is due to the ADC
system used as part of the test, and is not a feature of expected Double Chooz signals. Therefore,
to extract the gain, one must consider only the first region and not the second.
For the single phototelectron test, the pulse was reduced until the point that approximately half
of the signals produced zero photoelectrons. Specifically, we fed pulses to 4.5 V of 20 ns in duration
to the LED, and adjusted the high voltage being supplied to the PMT in 50 V steps. The gain
was then determined at each high voltage setting by fitting the histogram of ADC values with three
functions, a Gaussian for the pedestal, an exponential for the gap between the pedestal and the
single photoelectron peak in the data, and a Gaussian for the SPE peak. The mean of the Gaussian
fit for the single photoelectron peak divided by q0, the elementary charge unit, gives the gain. An
example of the fitting technique used can be seen in Fig 2.12.
We compared the calculated gain using the two different methods with the PMT subject to 1500
V of high voltage. We found a gain value of 1.76× 107 ± 2.5× 106 using the photostatistics method
and a gain of 1.58× 107 ± 1.3× 106 using the single photoelectron peak method. These two values
are within 1 σ of each other, implying that the two gain calibration methods are equivalent. This
shows that the photostatistical gain calibration method is a useful addition to the set of calibration
tools available to the Double Chooz collaboration. This tool is particularly useful for the inner veto
PMTs, as they lack a well-defined single photoelectron peak, making the use of the photostatistics
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the best method for gain calibration.
2.4 Backgrounds
Backgrounds to the Double Chooz experimental signal come in two forms, correlated and uncorre-
lated. Correlated backgrounds are those that mimic the prompt/delayed structure of the neutrino
signal while uncorrelated backgrounds, or “singles” have no such structure, but can by random
chance combine to simulate a signal. The most dangerous of these background signals are the corre-
lated backgrounds, which are most likely to mimic a neutrino signal. Nevertheless, singles can also
masquerade as neutrino signals due to random coincidence.
Most correlated events are ultimately caused by cosmic-ray muons passing through or near the
detector. Therefore, there are a number of measures in place to reduce the cosmic-ray muon back-
ground and to tag what muon events remain. The first layer of defense against cosmic ray muons is
the location of the detector system, which has a substantial amount of rock overburden. The next
layers of protection are the veto systems, inner and outer.
The Outer Veto (OV) consists of a series of rectangular strips consisting of scintillating material
with a wavelength shifting fiber in the center. These strips are arranged into rectangular modules,
with a well-defined orientation, with the fibers terminating in a PMT. By layering the modules in
perpendicular orientations, it’s possible to isolate the position and direction of a muon traveling
through Outer Veto. A diagram of the Outer Veto can be seen in Fig. 2.13
The IV is filled with non-Gd-doped liquid scintillator and instrumented with 78 PMTs, in an
arrangement optimized for detecting incoming cosmic ray muons: more upward-looking coverage
than downward looking-coverage. The Inner Veto is connected to the front end, and makes use of
the same DAQ system.
The two veto systems are designed to detect incoming muons and veto triggers from the NT for
1 millisecond after detection of a muon signal. Muon triggers are those that hit more than one strip
in the OV, deposit more than 5 MeV in the IV, or more than 30 MeV in the Inner Detector. Vetoing
in this matter reduces the correlated background enormously.
For uncorrelated backgrounds there are three primary contributors, natural radioactivity in the
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Figure 2.13: Outer Veto system as it is deployed in the far detector.
detector and surrounding rock, PMT dark noise, and so-called “light noise.” Steps have been taken
to mitigate these sources. In the case of natural radioactivity, strong radiopurity requirements were
made and enforced for the most radioactive elements of the detector: the glass used in the PMTs.
Since PMTs are sensitive to single photons they have a certain number of signals even in absence
of actual photons. These are dark rate events and tend to be single-photoelectron-level signals from
a single PMT. However, since the dark rate of the Double Chooz PMTs is approximately 2 kHz,
additional steps need to be taken to ensure that the dark rates do not pollute the neutrino data
sample. Therefore, the charge reconstruction algorithm throws out signals with a maximal charge
of < 2 ADC counts, as well as signals which have a small total charge.
The final source of uncorrelated background, light noise, was the least expected. The bases of the
PMTs give off small electrical signals at random intervals which can be detected by PMTs. These
events deposit energy primarily on the PMT from which the spark originates, with small energy
depositions on other PMTs.
The light noise is able to be filtered by implementing a cut based on comparing the amount of
charge seen in a single PMT against the total charge seen by all PMTs, referred to as an MQTQ
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(Max Q over Total Q) cut. The fact that the light tends to be concentrated in a small number of
PMTs also means that the pulse start times vary widely in a light noise event in comparison to a
neutrino signal. Therefore, we make use of a dual cut in the RMS of the pulse start time and the
MQTQ value of an event to strongly reject light noise.
2.5 Simulation
In addition to the powerful hardware tools developed for Double Chooz, there exists a suite of soft-
ware tools to process, simulate, and analyze data from the experiment. Simulation of Double Chooz
anti-neutrino flux is done through two main tools, DRAGON and MURE [23], the reactor simu-
lation programs, and DCGLG4-sim, a GEANT4-derived particle/detector simulation environment.
GEANT4 is the standard particle Monte-Carlo simulation program, used for applications ranging
from proton therapy to the LHC [24].
2.5.1 Reactor Simulation
Simulation of the reactors is vital to the one-detector phase of the experiment, as knowledge of the
reactor spectrum and the normalization of the neutrino flux are needed to determine the mixing
angle θ13. To this end, two simulations environments for reactor burn-up were developed: MURE,
which is a 3-D full reactor simulation making use of Monte Carlo neutron transport calculations and
DRAGON, which is a 2-D simulation of the various fuel rod elements.
The results of both of these codes are checked against a Takahama-3 reactor and were found to
be in agreement with other similar simulations. The fuel in the reactor cores is replaced completely
over the course of three years, with one third of the load being replaced every year. Fuel rods have
enrichment rates ranging from 1.8% to 4%. Once the base information about the properties of the
reactors is established the simulations proceed during the burn-up and are then cross-checked, giving
the experiment its quoted uncertainty in its fission rate fractions.
2.5.2 Detector Simulation
Simulations of detector performance and response are handled at the lowest level by DCGLG4-sim
(Double Chooz Generic-Land Geant-4) [25]. Adapted from simulations used with the KamLAND
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experiment, DCGLG4-sim has a number of powerful features that allow for very accurate simulations
of the Double Chooz Experiment. These features include thermal neutron libraries accurate down to
4 keV, detailed simulation of the scintillator, including detailed light waveforms, spectra, re-emission,
and Birks quenching. Positioning of the PMTs and detector geometry has been verified for use in
the Monte Carlo through a photographic survey.
The optical model has been heavily vetted by the collaboration, making use of the Compton
scattering to calibrate the relative light yield of the NT and the GC. Further calibration of the
simulation was performed through the deployment of calibration sources, which are detailed in the
subsequent section. Additional tuning of the optical parameters of the simulations was performed
by measurements of the parameters of the scintillator in a lab environment.
The raw output of DCGLG4 is then run through ROSS (Read-Out-System-Simulation) to sim-
ulate PMT and electronic effects, allowing for a direct comparison of Monte Carlo and data. Monte
Carlo and data can be mixed to allow for validation of cut efficiency and discrimination ability, if
required. The data, mixed or unmixed, can then be run through the analysis Common Trunk, pro-
viding pulse and position reconstruction through RecoPulse and the various position reconstruction
suites, such as RecoBAMA.
2.5.3 Signal Reconstruction
RecoBAMA is the primary tool used by the collaboration to determine the position of events inside of
the detector. It makes use of a dual technique to fit the position of point-like events, incorporating
both time and charge-based fitting of events. Time-based fitting relies on knowing the index of
refraction of the liquids inside of the detector. Assuming an event occurs at a time t0, the light
will have travelled a distance d = Σ(t − to) · cn, where cn is the speed of light in each of the three
media: Gd-doped target scintillator, undoped gamma-catcher scintillator, and the mineral oil in
the buffer. Working backward, the algorithm grows spheres from the signal-seeing PMTs of radius
r = Σ(ti− t0) · cn, where ti is the time at which the PMT i saw a signal. Where the spheres intersect
is the position at which the event occurred.
Meanwhile, the charge-based reconstruction works on a similar principle. The photons produced
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by an event inside the detector are absorbed and re-emitted via scintillation, producing a “sphere”
of light. Naturally, the intensity of the light falls off as 1r2 to first order, but there are additional
considerations that must be taken into account. Using both charge- and time-based reconstruction
allows for much fuller picture of the nature of events than either alone.
2.6 Results
At present, the Double Chooz experiment is still in the one-detector phase of operation but, despite
this, has far exceeded the power of Chooz, providing nearly 3-σ determination of the value of θ13.
This analysis is, as noted in prior sections, based upon a search for a two-fold coincidence of a prompt
positron annihilation followed by a delayed neutron capture on gadolinium (an “IBD” event). To
identify IBD events, many cuts needed to be applied. First, we require that the prompt and delayed
events fall within 2 and 100 µs of each other. These cuts are informed by the 30 µs capture time of
neutrons on Gadolinium.
To reduce muon-induced backgrounds, we rejected all events that occur within 1 ms after a
cosmic-ray muon is detected within the IV or the ID. Next, we applied a “light noise” cut, as
discussed in Sec. 2.4. We then applied a set of coincident selection cuts to the remaining events.
Prompt (positron-like) events with energy between 0.7 MeV and 12.2 MeV were kept, and all others
were discarded. Delayed (Gd- Capture like) events with energy between 6.0 MeV and 12.0 MeV
were kept, while all others were discarded. Finally, we impose a multiplicity cut, requiring that all
there are no triggers within the 400 µs after a prompt event, other than a single delayed trigger.
Moreover, we only keep prompt events which have no event within the 100 µs prior to the event.
This gives a sample of 8440 events that follow a Gadolinium-like selection.
To determine the efficiency of the cuts, the neutrino candidates are compared to high-statistics
Monte Carlo signal and to calibration data. The table in Fig. 2.14 summarizes the calculated
efficiency of the cuts.
We then continue the analysis by binning the neutrino candidate in a set of variable sized bins
with energy between 0.7 and 12.2 MeV. To increase differentiation power, the data is separated into
two different periods; one contains data from the time period in which one reactor is operating at
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Figure 2.14: Cut efficiencies on a per-cut basis for the Double Chooz result.
Figure 2.15: Prompt and delayed neutrino candidate energies showing the Gd and Positron
annihilation peak.
Figure 2.16: Time delay between prompt and delayed triggers, informing the use of the time
cuts.
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Figure 2.17: Neutrino candidates and backgrounds in the two periods, On/On and Off/Off.
less than 20% of nominal thermal power (On/Off), while the other consists of all other time periods
(On/On).
The binned neutrino candidates are then compared to a predicted spectrum of signal and back-
ground, with the predicted spectrum being calculated independently for the On/On and On/Off
time periods. A comparison of the predicted neutrino events in each period compared to the actual
number of candidates can be seen in 2.17.
The neutrino candidates were then fit to a two-neutrino oscillation hypothesis by χ2 minimization
where χ2 is given by Eqn. ??.
χ2 =
36∑
i,j
(Ni −Npredi )× (MTotalij )−1(Nj −Npredj )T +
(FN/SN − 1)2
σ2FN/SM
+
(9Li − 1)2
σ29Li
+
(αE − 1)2
σ2αE
+
(∆m231 − (∆m231)MINOS)2
σ2MINOS
(2.1)
The fit parameters FN/SM and 9Li which scale the rates of the two backgrounds and are
allowed to vary as part of the fit . The rate of accidentals is not allowed to vary as its uncertainty
was precisely determined. The energy scale factor is allowed to vary linearly according to the αE
parameter with σαE = 1.13%. M
Total
ij is the total covariance matrix, which relates bin to bin
uncertainties. The last parameter, ∆m231, is the neutrino mass splitting, and is constrained by the
MINOS [26] measurement of ∆m231 = (2.32 ± 0.12) × 10−3 . However, fitting without the MINOS
constraint in the region ∆m231 < 0.01eV
2 produces a ∆m231 value of 2.7 ± 1.9 × 10−3eV 2, which
is fully consistent with the MINOS result. The unrestricted-mass-splitting fit also gives a value of
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sin2(2θ13) which is consistent with the fit produced by including the MINOS constraints.
Uncertainties on the fit are handled through use of a set of covariance matrices Mxij . M
total
ij =
Msigij +M
det
ij +M
stat
ij +M
eff
ij +
∑back
b M
b
ij . The various separate independent covariance matrices
represents the covariance between the predicted number of neutrino candidates in the spectral bin-
ning. Each element of each of the covariance matrix is recalculated as a function of the parameters
used during minimization. Doing so allows for maintenance of the fractional systematic uncertain-
ties, which would otherwise not be maintained due to the change of bin populations during the fit
procedure.
The best fit yielded by this method is sin2 2θ13 = 0.109± 0.030(stat.)±0.025(syst.) with a ∆m231
value of 2.32 × 10−3eV 2 with χ2/NDF = 42.1/35. This fit takes full advantage of the neutrino
rate and spectral shape. A rate-only analysis yields a best fit of sin2 2θ13 = 0.0170 ± 0.052 with
χ2/NDF = 0.50/1, giving a probability of compatibility of 30%. The results of this fit are displaced
graphically in Fig. 2.18.
Figure 2.19 gives the uncertainties of the best fit parameters. The reactor flux uncertainty is
the largest single factor, but will be completely eliminated once the near detector phase of Double
Chooz begins, as the comparison between the neutrino flux at the two sites will be used without
reference to the reactor flux. Improvements to the error caused by cosmogenic isotopes and the
fast neutron/stopping muon (FN/SM) background have been the subject of a great deal of ongoing
analysis, and a Double Chooz paper currently in production reduces these uncertainties a great
deal. The next largest term, statistics, will be reduced both with time (there are about 50 neutrino
candidates per day currently) and with the introduction of the near detector, which will more than
double the expected neutrino rate due to doubling the existing sensitive volume at a closer location,
and hence with a larger neutrino flux.
The detector efficiency and detector response, however, are best improved through calibration.
The ability to deploy calibration sources at off-axis points inside of the NT, particularly 252Cf will
greatly help to reduce the error produced by the spill in/spill out effects, as well as to examine the
Gd capture fraction throughout the volume. Additionally, the energy scale measurement would be
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Figure 2.18: Measured prompt energy spectrum for each integration period (data points)
superimposed on the expected prompt energy spectrum, including backgrounds (green region),
for the no-oscillation (blue dotted curve) and best-fit (red solid curve) at sin2 2θ13 = 0.109 and
∆m231 = 2.32 × 10−3eV 2. Inset: stacked spectra of backgrounds. Bottom: differences between
data and no-oscillation prediction (data points), and differences between best fit prediction and
no-oscillation prediction (red curve). The orange band represents the systematic uncertainties
on the best-fit prediction. [3].
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Figure 2.19: Contributions to the error on the sin2 2θ13 analysis.
much improved through the use of off-axis deployment of sources of various energies and particle
types, as the response of the scintillator to electrons and gamma-rays varies. These considerations
point to the use of a novel calibration system, able to deploy a variety of different sources at arbitrary
points inside the detector.
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Chapter 3
The Articulated Arm System
3.1 Description
The Articulated Arm (AA) is a three-dimensional calibration device designed to deploy radioactive
sources at specified points inside of the detector with an accuracy of one centimeter. The Articulated
Arm consists of three principal parts: the stainless steel telescoping segments, which descend through
the chimney into the target; the Lexan articulating segments, at the end of which are mounted the
calibration source; and the motor assembly, housed in the glove box extension. A visual reference
for these components can be seen in Fig. 3.1.
Scrupulous cleanliness standards were maintained, with metal elements of the AA which come
into contact with target scintillator being electropolished before assembly in a room of ISO class 6,
provided by Argonne National Lab. All other components of the AA which are expected to come
into contact with the target scintillator have been cleaned before assembly with a hot Citronex
solution in an ultrasonic bath, followed by hot nitrogen drying. The compatibility of the batches
of material used in the AA with liquid scintillator have been examined by Double Chooz material
compatibility experts and have been confirmed to not cause significant degradation of the scintillator
after contact. This requirement is particularly important, given the challenges that the prior Chooz
experiment experienced as a result of scintillator degradation.
We will handle each subsystem in turn, beginning with the telescoping segments. After the
primary systems have been addressed, the secondary subsystems for safety, control, and containment
will be discussed. This will serve as an overview for the major components of the AA.
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Figure 3.1: Articulated Arm schematic, viewing the AA as if it were lying horizontally.
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Figure 3.2: Blueprint of the telescoping segments of the AA system from the side.
3.1.1 Telescoping Segments
The telescoping segments consist of a set of 7 square, stainless steel (SS304) tubes that fit into each
other as shown in Fig. 3.2. The widest (top) section has a side dimension of 2.5 inches (63.5 cm)
and each following section decreases in steps of 0.25 inches ((6.35 mm): 2.25 inches (57.15 mm),
2.00 inches (50.8 mm), 1.75 inches (44.45 mm), 1.5 inches (38.1 mm), 1.25 inches (31.75 mm) and
1 inches (25.4 mm). The wall thickness is 1/16 inch (1.59 mm). Sections are between 54.25 inches
(1378 mm) and 53.5 inches (1359 mm) long. Fig. 3.3 shows a photograph of the retracted telescope
lower part.
The telescoping system is designed to be compact when not deployed, but capable of reaching
the bottom of the Neutrino Target of the far detector when fully extended. The tubes are guided
through one another through a system of Delrin bearings, which fit into square holes at the bottom
of each telescoping segment. Larger parts of the Delrin plates stick out inside the tube and keep
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Figure 3.3: Lower part of the telescoping segments. The system is in a retracted configuration.
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Figure 3.4: Detail of the bottom of the telescoping segments. Segments are upside down in
this image.
the next section from falling through when the telescope extends. Details of the first section square
tube and square holes are shown in Fig. 3.4. Details of the Delrin plates and the end cap on the
top are shown in Fig. 3.5. The Delrin bearings are also visible in white in the photograph of the
telescope in Fig. 3.3.
The telescoping motion of the telescoping segments is accomplished through a series of black
Delrin endcaps, which are attached to the top of each of the telescoping segments. The bottom
segment has a coated stainless-steel cable (the Z-axis cable) attached to its endcap. When the
Z-axis cable is pulled up, the bottom segment is pulled up until it contacts the endcap of the next
segment, at which point continued pulling on the cable will cause the two to ascend in unison.
Similarly, when the cable is lowered, the bottom segment and all segments with endcaps in contact
with the endcap of the bottom segment are lowered. As the telescoping segments descend, the
endcaps will catch, in order from top to bottom on the Delrin bearings of the next larger segment,
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Figure 3.5: Detail of the Delrin bearings from the front and side.
Figure 3.6: Detail view of the endcaps both installed in a telescoping segment and by them-
selves. The dotted line indicates the path of the Z-axis cable running thought the center.
causing the motion of that telescoping segment to stop, while the smaller segments are able to
continue. Details of the endcaps can be seen in Fig. 3.6.
3.1.2 Articulating Segments
The articulating segments are a series of round Lexan (polycarbonate) plastic segments of varying
length with a diameter of 1.25”. The chosen radial lengths bring the source at 350 mm, 650 mm,
850 mm, 1000 mm, 1050 mm and 1110 mm away from the Z-axis. These segments are attached to a
stainless steel “knuckle,” which in turn is attached to the bottom of the smallest telescoping segment.
Figure 3.7 shows the details of the attachment of the articulating segments to the “knuckle.”
The knuckle serves as the attachment point for the articulation cable, which allows the articu-
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Figure 3.7: The articulating segment (in green) screwed into the “knuckle”.
Figure 3.8: Articulating segment in the final configuration. In this image, the articulating
segment is in the horizontal configuration.
lating segment to be articulating from a vertical orientation to a horizontal orientation. More detail
about this function will be provided in Sec. 3.1.3.
At the end of the articulating segments is a source wand holder nut. There are two nuts used
as part of deployment, one made of Lexan and the other of stainless steel. The source holder nut
allows for the attachment of a radioactive source wand to the end of the articulating segment. The
source wand slides into the source holder nut, after which the source holder nut is screwed on to the
end of the articulating segments, locking the source wand in place. A picture of the final assembled
articulating segment can be seen in Fig. 3.8.
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Figure 3.9: Simplified drive assembly in installed position. Does not include safety systems.
3.1.3 Drive Assembly
The drive assembly contains many different components responsible for the motion of the AA system.
A simplified overview of these systems can be seen in Fig. 3.9.
Motion of the AA is accomplished via two stepper motors, one in Z and one in φ, and a pneumatic
piston, which controls the articulation and de-articulation of the articulating segments. The Z
stepper motor is connected to a drum, around which are wrapped two nylon-coated cables: one,
the Z cable, runs through the center of the telescoping segments and is attached to the top of
the shortest of the telescoping segments, while the other, the articulation cable, runs over a pulley
attached to the piston. After passing over the pulley, the cable runs down along the outside of the
telescoping segments, and is attached to the articulating segments at the “knuckle,” the stainless
steel interface between the telescoping and articulating segments. Motion in Z is accomplished by
turning the drum, which spools or unspools an equal amount of Z and articulation cable. Accuracy
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Figure 3.10: The piston in the retracted (vertical) configuration.
within a given telescoping segment is better than one millimeter.
The articulating segments are articulated through the use of a pneumatic piston, shown in Fig.
3.10. The piston moves a pulley, which retracts the articulation cable, pulling the knuckle up until
the articulating segments are horizontal and contact the stop on the knuckle. The amount of pressure
required to move the articulating segments into a horizontal position depends on the articulating
segment used. Pressures range from 75 psi for the longest, 1050 mm segment configuration to 45 psi
for the 350 mm configuration. If the pressure is too low, the system will not fully articulate, which
can be confirmed by testing the tautness of the articulation cable in the glove box.
Pressure is delivered to the piston through a series of 1/4” hoses, which carry nitrogen from a
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cylinder located onsite. The hoses are routed through an electromagnetic solenoid, which can be
switched to deliver the pressure to either part of the double-action piston, allowing for controlled
motion for both articulation and de-articulation. Pressure from the piston is vented into the clean
tent when the solenoid is switched. Speed of articulation and de-articulation is controlled by a
flow-restricting valve on the line from the N2 cylinder to the solenoid, as well as by flow-restricting
valves on the outflow of the solenoid.
Motion in φ is controlled by a rotation table. The motion is smooth and accurate to within
less than .01 degree, giving a position inaccuracy of much less than 1 mm. Use of the φ-system,
however, requires calibration of the motor before deployment in order to ensure smooth, continuous,
predictable motion. This calibration can be performed when the AA is being installed in the Glove
Box extension, before purging. No such calibration is required for the Z -motor, but the arc of travel
of the piston should be adjusted at this time as well, to ensure verticality and horizontality of the
AA when articulated.
3.1.4 Secondary Safety Systems
The AA makes use of a number of safety systems, both in hardware and software, to ensure that
there is no adverse effect on the capabilities of the far detector as a result of deployment. The motion
of the AA is constrained to prevent unwanted contact between the AA and the walls of the target
vessel. The constraints take the form of a trio of software limits: no motion below the center of the
detector until articulation, no articulation until the AA is safely within the target, and no rotation
within the range that is likely to cause contact between the AA and the filling tubes. These software
limits are controlled through a Labview interface, which also provides for GUI-based control of the
motion of the motors and the piston. The interface will be discussed in more detail in Sec. 3.1.5.
The software limits are backed by a pair of hardware limits, the home and forward switches,
which act as “kill switches” to prevent the AA from moving too far in Z. The limit switches are
attached to a side-plate on the AA, which features a large stainless steel screw to a brass plate. As
the drum turns to release cable, the screw turns at the same rate, moving the plate along the shaft.
The plate contacts the whisker-triggered microswitches, which either stop motion, in the case of the
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Figure 3.11: Home whisker switch in operational position.
home switch, or act as an “Emergency Stop” in the case of the forward switch. The system can be
seen in Fig. 3.11.
In addition to the above limits, the Z motor is subject to a torque limiter, to prevent over-
tension in the cable in the event of a telescope failure. The torque limiter operates by limiting the
voltage required by the motor for the Z-axis motion and therefore limiting the tension in the cable
to prevent breaking. However, we were not able to stop the telescope from moving by holding it in
place, suggesting that the torque limiter is not very sensitive. The lack of sensitivity implies that
the telescoping segments would not stop immediately in case of AA getting stuck on the potential
obstacle in the detector’s chimney region. Therefore, special care has been taken to keep the AA
centered and vertical in order to avoid any possibility of getting in contact with the chimney.
In addition to the built-in hardware stops, the operator of the device has access to a manual
emergency stop, which, when depressed, completely stops motion of the AA. In the event of a breach
of the gas lines which operate the pneumatic piston, the flow of nitrogen can be stopped through
the use of a quarter-turn valve, which is within easy reach of the operator. Furthermore, if there
is a critical failure of all control systems, there is a manual retraction system which can be used to
raise the AA into a completely retracted position without the use of software.
The retraction system allows for the Z-motor to be disengaged while the drive shaft is held in
place with a pawl and ratchet system. The operator can then, making use of a ratchet stored within
the glove box extension, slowly retract the telescoping segments without the risk of downwards
motion. This system has been extensively bench-tested and validated.
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3.1.5 Secondary Control System
Under normal operations, the AA operator will control the system entirely through the use of a
Labview GUI. This interface not only controls the motion of the AA, but also keeps a history of
commands which the AA has received, as well as regularly recording the position and status of the
AA system. The Labview interface also provides feedback to the user on the position and status of
the AA system both in numerical and graphical form.
The Labview master interface relays commands to and receives information from the motors
through two proprietary sub-programs. The first is Galil Tools, which controls the Z motor and
articulation solenoid. The second is Aerotech Soloist, which handles the φ-motor. While the two
programs are controlled through the Labview GUI in normal operation, they can be controlled
independently in the event of a failure of one system or the other, as the GUI requires that both
control systems are responsive for proper functioning.
3.1.6 Secondary Containment System
When fully retracted, the entire AA is contained within a hermetically sealed containment system
consisting of the Glove Box and Glove Box Extension. A cartoon of these systems, as well as the
AA installed inside can be seen in Fig. 3.12. Tests have been performed to show the compatibility
of the AA system with the glove box and its extension, as well as to validate that the systems can be
purged and have well-constrained leak rates. These tests confirmed that the system does not trap
oxygen, but instead is well-flushed with nitrogen when the Glove Box and Extension are purged in
preparation for deployment. This procedure takes longer than the purging of the Glove Box alone,
but can be accomplished within about a day of purging and maintained in a purged state overnight.
Moreover, the total oxygen leak rate for the entire system was well under the safety limits established
by the collaboration.
3.2 Development and Testing
Development of the AA system began early in the Double Chooz experiment. Initial designs for the
AA used a rectangular cross section for the articulating segment, with almost all of the components
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Figure 3.12: Cartoon of the AA system installed in the secondary containment system. View
is from above and slightly to the left. Not all systems are included in the figure.
of the AA being made of acrylic. Moreover, there was a movable collar that slides along the length
of the articulating segment. A picture of this early design can be seen in Fig. 3.13.
In contrast, the final design is remarkably different. The articulating segments have a circular
cross-section and are solid. The telescoping segments are 304 stainless steel, with the articulation
cable being made of teflon coated steel. The point of attachment for the articulation cable has been
moved closer to the central axis, and the sliding collar system (een in Fig. 3.14) has been removed,
as it was not able to maintain a fixed position during motion of the telescoping segments. A picture
of the modern design is in Fig. 3.15.
The change from the early design to the modern design was a result of long term testing at
Argonne National Lab. Rather than taking a chronological approach to the development, this
section will be structured in an test-wise manner; that is, each test and its results will be discussed
in turn.
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Figure 3.13: Early AA design, note the rectangular cross-section on the articulating segments
and the sliding collar.
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Figure 3.14: Early AA collar design in detail.
3.2.1 Linearity Testing
One of the more important questions about the motion of the AA is the nature of the motion
produced by the stepper motors. Namely, is the motion linear with respect to the control system?
If this is not so, is the non-linearity is well-understood? When a motion command is given, we must
know the position in which the AA system will end up, in order to ensure safe, accurate calibration.
Linearity of motion was tested in two axes, the Z motion axis and the φ motion axis.
Z Motion Testing
Z motion accuracy testing was performed by mounting the system on a high platform, over 5 meters
from the ground. The total length of the AA is 1.3 m longer than the distance available, allowing
for all but the last telescoping segment to be extended. This test was performed by attaching a
target (a small piece of white paper) to the tip of the source holder on the end of the articulating
segment. The segment was not articulated during the test. A laser ranger was placed on the floor,
and the beam of the laser ranger was pointed at a marked position on the target. The AA was then
given a series of motion commands, and the distance from the floor to the target was measured with
the laser ranger after each move. The internal position of the AA according to the software was
recorded as well. The internal software position and the measured position from the laser ranger
were then plotted against one another and a line was fit to the data. If the motion is linear and
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Figure 3.15: Final AA design. The AA is being lifted by a crane, attached to the slings
wrapped around the central telescoping.
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Figure 3.16: AA linearity through laser ranger testing. Error bars are smaller than the size
of the points.
well-understood, the slope of the resulting line will be -1, as the ranger measures distance from
the ranger to the target, which will decrease as the AA moves downwards, which is an increase in
software position.
A graph of one of these tests can be seen in Fig. 3.16. The difference between the linear fit and
the measured position is plotted in Fig. 3.17. Both of these plots are in encoder counts, rather than
other distance units, because encoder counts are the lowest level measurement that the software
records. Each encoder count is one step on the Z-axis stepper motor.
These early tests suggested a very linear relationship between physical Z position and software-
determined position. As a result, we are able to determine an accurate constant of proportionality
between encoder counts, E, and physical distance, such that we can speak in terms of software
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Figure 3.17: Difference between the linear fit and the measured position in Fig. 3.16.
distance, S, with S = αE where α is the calculated constant of proportionality.
However, due to material compatibility requirements, the drum around which the cable was
wound had to be changed from aluminum to stainless steel. The new drum had a smaller diameter
than the previous drum, requiring a recalibration using the method described above. During this
change of the drum, the cables for the Z motion and articulation were changed from an uncoated
stainless steel cable to a teflon coated stainless steel cable. Because of the change of the cable, small
non-linearities were introduced into the motion of the AA in Z.
Specifically, the weight of the telescoping segments causes a small stretching of the telescoping
cable during motion. This has a very unusual effect on the Z motion, as the teflon-coated tele-
scoping cable supports the weight of the telescoping segments when the telescoping segments are
not completely extended. When a segment is fully extended, however, the weight of the telescoping
segment is instead supported by the other telescoping segments, as the now fully extended segment
now rests on the white Delrin stoppers.
Therefore, there is a step-wise non-linearity induced in the Z motion of the AA. Whenever the
AA undergoes a transition between moving segments, the weight of a segment is either added to or
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Figure 3.18: Weight-based Z non-linearity in the AA system as a result of cable changes.
subtracted from the weight being supported by the teflon-coated Z-axis cable. The change in the
weight being supported causes a change of 2 mm in the physical Z position of the bottom of the
AA. Specifically, when the AA is moving downwards, the bottom of the smallest segment moves up
by 2 mm per transition, as the weight is being taken off of the telescoping cable by the transition,
while the situation is reversed when the AA is moving upwards. A graph of this behavior can be
seen in Fig. 3.18.
The X axis of this graph is the position of the AA indicated by the control software. The Y axis
of the graph is the deviation from perfect 1:1 linearity. Error bars on the graph are from the error
on the laser ranger, which has a listed error of ± 2 mm.
In preparation for the deployment of the AA system, the AA was disassembled, electropolished,
and reassembled in a clean environment. After reassembly, we tested the Z linearity of the AA
system again. These tests were conducted with the system mounted on a forklift, rather than with
the system mounted in a high bay, as per the previous tests. This was due to the need to maintain
material cleanliness between the clean assembly and the installation of the AA system in the Double
Chooz Far Detector. One test was performed inside of the clean room where the AA was assembled,
while the other took place in the physics support engineering bay at Argonne National Lab, with
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the system enclosed in a pair of plastic bags.
These tests gave results consistent with those shown in Fig. 3.18, although the short distance
of the test only allowed for a single segment transition, which limited the validation power of the
result. The position linearity was validated again onsite at the time of AA installation, under the
same conditions (only one segment transition possible). A final confirmation of our model of the Z
motion of the AA will take place during deployment, where the position of the liquid level is well
known, and it is possible to determine contact between the liquid and the AA system through the
monitoring of the pressure of the Double Chooz liquids, which is sensitive to changes in pressure on
the order of .01 milliBar. The ability of the pressure system to determine the position of the AA
will be detailed in Sec. 3.2.2.
φ Motion Testing
In addition to tests of the Z motion linearity of the AA system, we performed tests to confirm the
φ motion linearity in the summer of 2012. These tests took place at the engineering support bay
of the HEP division of Argonne National lab. To perform these tests, we mounted the AA on a
forklift and articulated the segments with a pressure of 90 psi applied to the articulation piston.
We used the segment with total length of 100 cm, and attached a laser ranger to the tip of the
articulating AA. The laser ranger indicated a point on the ground directly below the position of the
tip of the articulating segment, which we then marked. The AA was rotated by some amount, and
the new position was then marked. We then measured the linear distance between adjacent pairs
of marked points, which gave us three sides of a resulting triangle. One side being the measured
distance between points being one side and the distance from the center of the AA system to the tip
of the articulating segment being the other. We then calculated the angle opposite to the measured
side, which should correspond to the angle rotated. The graph in Fig. 3.19 is the plot of measured
rotation along the Y axis against expected rotation along the X axis.
It is evident that the AA system has excellent linearity in φ. Unlike with the Z -axis system,
there were no changes to the φ-axis system during the course of development. However, to confirm
the exactly linearity of the system, an additional test was performed in January of 2013, before the
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Figure 3.19: Measured angle compared to encoder-given angle with fit.
clean assembly of the AA. We used the same method detailed above. The results of this test were
consistent with Fig. 3.19.
We did not perform an additional controlled test of the φ system after clean assembly, other
than basic validation of motion and “by eye” confirmation of proper function. This is because the
coupling between the φ-axis motor and the AA system is much simpler than the coupling between
the AA and the Z -axis system, as there are no intermediaries between motion of the motor and
motion along the axis. Provided the motor remains calibrated (and re-calibration of the motor took
place during installation), there is no possibility of a mechanical non-linearity being introduced.
3.2.2 Articulation Testing
The AA system is lowered into the Neutrino Target with the articulating segments hanging vertically.
Once the articulating segments are inside of the Neutrino Target, they are pulled into a horizontal
position using the piston system described in Sec. 3.1.3. The articulation positioning is much more
complex than either of the other motion axes and, consequently, required a great deal of calibration
and testing in order to get the movement to be accurate and well-controlled.
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The difficulties associated with this axis are three-fold. First, the segments are moved by way
of a pneumatic piston, which naturally reduces control over the exact position of the axis to two
possible states, articulated and de-articulated. Second, there is considerable variation in the length
of the articulating segments, with the shortest measuring 350 mm from end to source wand tip,
while the longest being 1050 mm in length. Finally, because the segments are being articulated in
liquid scintillator, their motion is strongly affected by buoyancy and drag. Despite these challenges,
we were able to calibrate and control motion along the articulation axis with error of less than a
centimeter.
Droop Testing
The first thing that needed to be determined for the articulation system was the shape and structure
of the articulating segments. A concern with the early design of the AA was droop, that is to say,
deflection along the length of the AA because of the AA being supported only at the rear. This
cantilevering not only is dangerous to the long term linearity of the AA, but also adds uncertainty
to the vertical position of the AA. To measure the droop, we articulated the system and measured
along the length of the articulating segment. Originally, these tests were performed in air, but as
the articulating part of the AA is supported by the force of buoyancy when it is deployed in the
detector, these measurements are not good representations of the “true” droop that the system will
experience during deployment. Therefore, two additional sets of tests were conducted, one in water
and one in oil.
Early tests showed a great deal of droop in the AA, as shown in Fig. 3.20. Even worse, not only
was the droop large, but it also varied with the configuration of the articulating segments. This
is due to the early design of the articulating part of the AA, which consisted of a series of small
segments which were screwed into each other. The connections between the segments acted as weak
points which allowed for deflection. In a completely solid AA, the downward force varies with R2,
where R is the length of the AA, resulting in a parabolic deflection. However, when weak points
are introduced, as in the case of segments which are screwed into one another, each individual solid
segment has its own parabolic deflection, which, in the case of solid segments submerged in water,
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Figure 3.20: Early droop test showing Z from the laser ranger along the 95 centimeter length
of the AA articulating segment.
is small. Additionally, the joint is deflected downwards by the weight of the subsequent segments,
resulting in a different total deflection along the length of the AA depending on the ordering of
segment sizes; having larger segments closer to the knuckle results in much less droop than having
smaller segments closer to the knuckle.
To deal with the droop, the configuration of the articulating segments was changed from many
smaller segments which are attached to one another to a single, larger segment of appropriate size.
There is a balance to be struck in the determination of the size of the articulating segment. The larger
the diameter of the articulating segment, the more pressure is required to articulate the segment, as
the mass of the articulating segment is larger. However, a larger diameter provides more stiffness,
which results in less droop. The mass of the articulating segment can be mitigated somewhat by
using a segment with a hollow center, but this also reduces the stiffness of the articulating segment.
We performed a series of calculations of the expected droop experienced by segments depending
Chapter 3: The Articulated Arm System 3.2 Development and Testing
62
Figure 3.21: Droop for solid or hollow articulating segments of varying wall thickness.
on diameter and wall thickness. A sample graph of these calculations can be seen in Fig. 3.21. In
this graph, some of the segments are calculated to have negative droop, which would indicate that
the buoyant force is in excess of the weight. Such a configuration is a safety risk, as a segment which
became unattached from the knuckle would strike the top of the target volume, causing cracking of
the vessel. This risk is not acceptable, so positive buoyancy is not allowed for articulating segments.
Moreover, such a system would not return to vertical in the absence of pressure on the piston, as
we depend on the weight of the articulating segment to de-articulate the AA, rendering the system
unable to travel through the 10 cm diameter chimney. We found that a solid segment of diameter 1
inch allowed for a deflection of 0.6 cm, and had a small net negative buoyancy, making it an ideal
situation.
After this change, the droop of the AA was measured in water. This was accomplished by
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Figure 3.22: Photograph of the laser ranger measurement setup. This photograph is from an
early test in a shallow tub, but the experimental setup is the same for the deeper tub.
submerging the AA in a tank of water and articulating it. We then measured the distance from the
top of the tank to marked points on the AA with a laser ranger. To ensure a clean measurement,
the laser ranger was taped to a 1 meter long attachment (a photo of this set-up can be seen in Fig.
3.22), which was slid along the top of the tub. The top of the tub was validated as level through
the use of a bubble level. A cartoon of this method can be seen in Fig. 3.23.
By comparing the positions given by the laser ranger, we determined the droop of the segment
for a given configuration. Since we are taking differences in distance, we have to take into account
the effect of the index of refraction of water on the distances given by the laser ranger. The ranger
works by firing a series of pulses with a known wavelength and using a combination of phase and
time information from reflected pulses to determine distance. When the laser hits the surface of the
water or oil, a portion of the pulse is reflected while the rest passes through the material. However,
the wavelength of the light inside the liquid is not the same as the wavelength of the light in air,
causing possible shifts in the phase information. This may not seem significant, but it does make a
difference, as our tolerance for position error of the AA is 1 cm. Our tests, performed by comparing
the known height of the tank to the laser-ranger-measured distance, indicated a total error of ±2
mm.
With these corrections, we compared the droop of two different segments in water: both 1 inch
in diameter, but one was solid while the other had a 0.5 inch hollow cavity. Our data showed that
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Figure 3.23: Cartoon of the droop test technique used with the laser ranger.
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Figure 3.24: Solid and hollow articulating segments droop testing in water showing an unex-
pected droop profile for the hollow segment.
the hollow segment exhibits excessive droop in comparison to the solid segment. A plot of one of
these tests can be be seen in Fig. 3.24.
The test confirmed our theoretical calculations qualitatively; however quantitatively, the way in
which droop occurred was unexpected, with the segments being unaffected by droop for a distance
before bending near the tip. A possible explanation for this behavior is uncertainty in the elastic
modulus of the plastic, as values for similar polycarbonate plastics showed a great deal of variation.
The goal of the water test was to get a rough determination of the amount of droop, as the
buoyancy of water is approximately 25% greater than that of mineral oil. Therefore, use of this
method will underestimate the true amount of droop. This over-compensation can be roughly
corrected for by attaching a compact mass to the center of the articulating segment, the mass of which
is equal to the “missing” weight. By placing the mass at the center of the AA, we approximately
compensate for the extra torque required in mineral oil/liquid scintillator.
The compensation technique only works for the articulating segment, which has a uniform density,
but not for the components on the tip of the articulating segment. To ensure that we had a complete
understanding of the droop of the articulating segments, we performed the same test in mineral oil.
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Figure 3.25: Measured droop in oil with the ruler method (error bars inside points).
Mineral oil increases the error related to the laser ranger measurements of distance, but completely
eliminates errors associated with buoyancy, as the density of mineral oil is very close to the density
of the liquid scintillator in the target volume of Double Chooz.
Despite these advantages, we experienced a number of problems with testing in mineral oil,
primarily, the expense and the difficulty of containment. The tank we built to test the system in
water was not usable with the mineral oil. We built a new tank as well as a secondary containment
system to catch the small leaks of oil. To reduce possible sources of error in this final, oil-based
measurement, we built new tank out of transparent plastic. This allowed us to measure the droop
of the AA by pressing a pair of rulers against the transparent side walls, and observing the distance
from the surface of the liquid surface to the articulating segment. Since the surface of the liquid will
be exactly perpendicular to vertical, this gives a very powerful tool for determining droop. A graph
of the measured droop of one of the solid articulating segments in oil can be seen in Fig. 3.25.
As can be seen from Fig. 3.25, there is no real measurable droop in the AA system in oil to the
level of precision of the ruler, ±1 mm, which is an excellent situation. This is the same for all the
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articulating segments which were tested in the oil bath. With the conclusion of this test, we have
an excellent understanding of the droop of the AA system. However, understanding the droop of
the AA does not give a complete understanding of the motion of the AA when it articulates. To
completely understand the motion of the AA, we needed to test and control the gas pressure in the
pneumatic piston which causes articulation, as well as motion of the AA in the X − Y plane when
the AA articulates.
Pressure Testing
The next challenge involved with the articulation system was determining the correct pressure setting
to use. Originally, the goal was to have a single pressure for all configurations of articulating
segments. This would allow for easier operation of the device, as well as more precise control,
as most commercially available regulators are only accurate to ± 2 psi. However, early testing
revealed that the range of pressure under which successful operation can take place is small. Too
little pressure causes the AA to “hang” at certain points, and not fully articulate, while too much
pressure at articulation causes motion in the X − Y plane, and, at very high pressures, can cause
the AA to de-telescope by roughly 1 centimeter. We therefore needed to determine an articulation
pressure for each articulating segment.
Testing the pressure required for articulation was done alongside with testing the droop of the
AA system. This is due to the need for a liquid medium to ensure that the articulation pressures
used in the tests are an accurate reflection of the articulation pressures needed for the AA inside
the detector. Despite the small range over which proper articulation is possible, determining if the
AA is completely articulated is straightforward, as the AA cannot articulate beyond 90 degrees, due
to a hard stop on the knuckle. Moreover, when the pressure is insufficient to completely move the
system to the horizontal configuration the point of stoppage is generally at about 30 degrees, well
short of the 90 degrees required and easy to notice.
As part of the test, we validated that the AA was completely articulated by measuring the slope
of the articulated segment after articulation. Since the droop is best modeled by a quadratic, we
can disentangle the effects of droop from the effects of incomplete articulation. Moreover, since
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the measured droop in the final configuration is negligible, errors from mistaking droop for non-
horizontality are minimal.
Through testing, we developed a specific gas pressure required in the pneumatic piston for optimal
articulation of each articulating segment. These values range from 45 PSI (for the 350 mm segment)
to 75 PSI (for the 1050 mm segment). These values allow for complete, repeatable articulation.
3.2.3 Planar Motion
A major concern involved with the articulation of the AA is in-plane motion. That is, when motion
occurs in the plane of the detector (as opposed to along the Z axis) either as the result of normal
Z motion with an AA which is not perfectly leveled or as a result of articulation. In either case,
the in-plane motion restricts the lengths of AAs that can be used by the system, as in-plane motion
threatens to cause parts of the AA (either the telescope or the articulating segments) to come into
contact with the target vessel, potentially causing a breach of the vessel.
In order to avoid a breach of the vessel, we must restrict the choices of articulating segments
such that the total length of the AA plus the in-plane motion gives a solid margin of safety (10 cm)
around the edge of the veto. Both parts of the motion must be characterized in order to determine
the articulating segments used during deployment. To do this, we need to see the effect of telescoping
on motion in the X-Y direction, motion which is primarily caused by improperly leveling the system,
as well as the motion that is induced by articulation.
Telescoping Planar Motion
When the AA was designed, the question of leveling was assumed to be resolved by the tolerances
between the telescoping segments. More accurately, the telescoping segments are basically hanging
from the Z -motion cable, and therefore, will tend to plumb themselves. Furthermore, since the fit
between the telescoping segments has some space (1-2 mm), there was an assumption that small
amounts of mis-leveling would not cause a problem. During testing, there was a critical failure caused
by telescoping segments not descending in the proper order, which was determined to be caused by
mis-leveling and too snug of a fit between the Delrin bearings and the telescoping segments. Though
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Figure 3.26: Measured planar positions of the telescoping segments as a function of Z motion.
this potential failure mode has been prevented through the use of the torque limiter, there were other
considerations. When we took a detailed scan of distance between the laser ranger and a point on
the telescoping segments as a function of the Z position of the bottom of the AA, we found a strong
relationship between segment transitions and the measured position of the telescoping segments,
indicating that a great deal of compensation for off-verticality is taking place, as can be seen in Fig.
3.26.
These results were with an unleveled AA system. When the AA is properly leveled, these
problems disappear. Specifically, we found that if the AA can be leveled to within 2 degrees, there
is no measurable planar deviation at the bottom. Moreover, when installed in the glove box, there
are many points at which the AA can be leveled to well within two degrees, allowing the effect of
Chapter 3: The Articulated Arm System 3.2 Development and Testing
70
planar motion caused by the telescoping motion of the AA to be ignored.
Articulating Planar Motion
While the planar motion caused by the telescoping of the AA system can be reduced to negligibility,
that is not so for the in-plane motion caused by articulation. In order for the AA to correct non-
verticality during decent, the telescoping segments are not a perfectly tight fit with one another.
As the point of attachment of the articulation cable is slightly offset from the center-line of the
telescoping segments, when the cable is pulled upwards there is a natural swing of the telescope in
the direction of the pull. This swing is small, and the AA does tend to return back to its initial
position in-plane, but must be accounted for when determining the articulating segments to use.
We tested the motion caused by articulation during our pressure and droop testing in mineral oil.
We found that the motion of the AA varies strongly with not only the pressure used for articulation,
but also with the flow rate of the gas. The speed of the gas controls the speed of the piston motion
and consequently speed of articulation. A slower speed of articulation results in smaller amount of
forward planar motion. While this result is unsurprising, it necessitates the use of a needle valve
as part of the AA gas system to ensure a constant flow rate of the gas provided to the piston, such
that the motion caused by articulation is repeatable.
With the installation of the needle valve, we were able to repeatedly articulate the system and
measure the in-plane motion. We found that with the speed and pressure properly regulated,
motion in plane was between 2 and 4 millimeters in the direction of articulation, and surprisingly,
2 millimeters of motion in the direction perpendicular to articulation. These results varied from
articulating segment to segment, but were consistent for a given articulating segment. Motion in the
perpendicular direction was not expected, and when investigated, turned out to be due to the loose
fit of the articulating segment in the knuckle. The articulating segment is attached to the knuckle
with a single pin, and therefore, is free to slide back and forth (in the perpendicular direction)
within the interior of the knuckle during articulation, approximately 2-3 mm. Thus, when the AA
articulates, there is a resistance to the motion from the liquid viscosity, resulting in currents which
act on the articulating portion of the AA with sufficient force to cause the telescope to shift in the
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perpendicular direction. While the perpendicular motion is less of a concern to the safety of the
detector than the motion in the direction of articulation, it still must be taken into account when
data from the AA is analyzed.
In addition to the measured motion, we found that there is a non-trivial offset of approximately
2 millimeters in the direction of motion. This offset is small but repeatable and must be taken
into account during analysis, as shifts on the millimeter level are detectable in the neutron capture
efficiency, as shown in work by Julia Haser [27]. There is no displacement in the perpendicular
direction, which matches our understanding of the motion induced in the perpendicular direction.
3.2.4 Liquid Pressure Validation
A concern with the deployment of the AA was liquid displacement. Even though the larger telescop-
ing sections of the AA are hollow, the total volume displaced is about 3 liters. Should the amount of
liquid being displaced be too large, the excess pressure produced on the liquid could cause the walls
of the chimney to break. To prevent problems a breakage of the chimney due to natural pressure
variation, the Double Chooz detector has an XTOS system designed to remove displaced liquid
scintillator to a secondary containment system.
Unfortunately, the XTOS system is very slow to respond, necessitating a slow motion of the AA
while inside of the liquid. To test how quickly we could move the AA system in the Z direction
while immersed in the target scintillator, we conducted displacement tests. These tests involved
a quantity of mineral oil in a large cylinder of 12 cm in diameter. Since the chimney is 10 cm in
diameter, adjustments had to be made to compare the results of the tests to the displacement that
would result from a true deployment [28].
We lowered the AA system into the liquid and measured the amount of liquid displaced as a
result. A graph of the amount displaced as a function of the amount of AA submerged can be seen
in Fig. 3.27. It is clearly visible that the articulating segment used makes a large difference in
the total amount of scintillator displaced. This is because the articulating segments, as mentioned
before, are solid, while the telescoping segments are hollow. Thus, when the articulating segments
are entering or leaving the liquid is the moment of greatest concern over an overpressure caused by
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Figure 3.27: Total amount of liquid displaced as a function of Z position and articulating
segment.
liquid displacement. This is confirmed in the instantaneous (as opposed to total) liquid displacement
plots in Fig. 3.28.
These tests indicated that the AA must be moved very slowly when entering or leaving the liquid.
However, moving at a speed of 1 – 5 mm/s will allow the AA to enter the liquid without resulting
in an overpressure at the bottom of the target vessel.
3.3 Simulation
Further validation and justification of the AA was performed by simulating device performance in
GEANT4 [24]. These simulations were designed both to provide a benchmark for comparisons once
the device is deployed. Simulations were handled within the DCGLG4-sim framework [25]. Pictures
of the AA system implemented in the DCGLG4-sim framework can be seen in Fig. 3.29.
3.3.1 AA Reconstruction Accuracy
The first test that was performed in simulation was the validation of the ability of the DC position
reconstruction software to determine the location of the AA-deployed source. This is a major
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Figure 3.28: Amount of liquid displaced per centimeter of motion in Z as a function of Z
position and articulating segment. The steep rise in each graph corresponds to the immersion
of the solid articulating segment, while the flatter portion of the graph corresponds to the hollow
telescoping segments entering the liquid.
Figure 3.29: AA implementation in DCGLG4sim showing relative positioning.
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concern, as the AA system depends entirely on dead-reckoning for position determination in Z and
φ. In the event that the articulation of the AA is not complete, the ability of an operator to
visually distinguish between a system which is fully articulated and a system which is merely almost
completely articulated is low. Therefore, it is vital to be able to know to what the accuracy of
the “built in” position reconstruction system of Double Chooz is, to determine if it can be used to
cross-check the position of the AA source.
There are two parts to this test. The first is the accuracy of the reconstruction software, while
the second is the speed at which data from the detector can be processed and made available to
the operators. The answer to the first question is the one that will be addressed in this section,
while the second question will be answered in the Sec. 3.4. We begin to answer the first question
by “deploying” a source at various points in the detector and examining the reconstruction that is
produced as a result.
The simulations made use of a mono-energetic neutron source of 2 MeV. The points were gen-
erated at a single location, reflecting the point-like nature of the source inside the detector, and
were smeared out by neutron thermalization and the reconstruction process. The distribution of
reconstructed positions in the simulation was well described by a 3-dimensional Gaussian, as can be
seen in the plot in Fig. 3.30.
Since the reconstructed signal is roughly Gaussian, we can model our ability to validate our
position as our ability to distinguish between two nearby Gaussians. If we want a 3σ confidence in
the position at which the source is deployed, we need to be able to distinguish a source deployed at
position X with a source deployed at position X + ∆ more than 99.7% of the time. The subsequent
mathematics will be performed in 1-D, as that simplifies calculations, but can be expanded to 3-D
without complication.
The probability that an event generated by a source deployed at position X will be reconstructed
at position θ is given by the equation P (θ|X) = 1√
2piσ2
e
−(θ−X)2
2σ2 . If you assume that the source does
not move (∆ = 0) then the probability distribution of the reconstructed distance between two events,
d is given by P (d|X, θ) = P (θ1 −Θ2|X,Θ). Thus P (d|X, θ) = 1√4piσ2 e
− d2
4piσ2 . Assuming we require
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Figure 3.30: Distribution of reconstructed positions in DCGLG4sim showing rough Gaussian-
ity in one dimension.
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Figure 3.31: Certainty in position from a source deployed at (725.5 mm, 0 mm , -500 mm)
from the center of the detector.
a margin of confidence α, we reject a “motion” of the source if:
∫∞
d
P (ρ)δρ < 1−α. In other words,
we reject if Erf( |di|2∗σ ) > 1− α→ P (reject|∆, σ) = .5 · (Erfc( b−∆2σ ) +Erfc( b+∆2σ )) where Erf is the
error function and Erfc is the complementary error function [29].
The probability of rejection depends only on σ, the spread of the gaussian of reconstruction.
When applied to Monte Carlo data, we can get curves that describe our capability to isolate the
source, namely, our certainty that the source is at position X and not at position X+δ as a function
of δ. Some samples of these graphs can be seen in the Figs. 3.31 and 3.32.
As you can see, the reconstruction is accurate to within < 2.5 cm, but the tightness of the
reconstruction varies strongly with position, both in the radial direction and in the Z direction.
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Figure 3.32: Certainty comparison between Monte Carlo data generated at Z =1000 mm (star)
and Z =500 mm (cross).
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3.3.2 AA Energy Effects
We performed additional simulations to ensure that we can properly calibrate the experiment, exam-
ining the reconstructed energy of a deployed source as a function of Z, R, and φ, as well as examining
the effect of the addition of the AA into the detector. These simulations involved placing a source
at a variety of points inside of the detector, and observing the resulting reconstructed energy. For
the simulations, we focused on “sources” that mimicked the two higher energy sources that the AA
system uses, 252Cf and 60Co.
252Cf is a spontaneous fission source, producing γs and neutrons, which makes it ideal for mapping
the detector efficiency of the experiment, as well as acting to simulate the “delayed” part of the
prompt/delayed physics event topology. The 252Cf source gives 2 signals from a single deployment,
the approximately 8 MeV signal from neutron capture on gadolinium and the approximately 2 MeV
signal from neutron capture on hydrogen, both of which have relatively tightly constrained energy
peaks. 60Co source emits two γs totaling 2.4 MeV. The 60Co mimics the “prompt” part of the
prompt/delayed physics event topology, although the energy of the 60Co is very unlike the spectrum
produced by neutrino signals.
Together, the two sources span a wide energy range, allowing for energy scale calibration of the
detector. However, since they provide only three points in energy, and the energy matching function
used by Double Chooz is of the form Etrue = X1 +X2 +X3 log(X4EReco), there is a strong need for
sources at low energy, as can be seen in the Fig. 3.33, which shows energy correction in the Double
Chooz 1st publication [3], derived from Guide-Tube and Z -axis based source deployments.
Our simulations were extensive, and we found several trends in the reconstructed energy of the
Monte Carlo that suggested that small corrections need to be employed between points at different
ρ- and Z - values, before any additional required corrections suggested by the deployment. An
example of such a study can be seen in Fig. 3.34. However, Monte Carlo indicates little need of a
φ-based correction in the data. These non-uniformities are handled in the primary Double Chooz
publications through the use a of a light map [23], derived from cosmogenic isotopes. The AA system
allows for a more detailed examination of these non-uniformities, as the AA system can be deployed
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Figure 3.33: DC 1st Publication Charge Correction [3].
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Figure 3.34: Simulated reconstructed energy from a 60Co like source as a function of Z and
R.
in the same positions as the Z-axis system, as well as off-axis points, allowing for direct comparison
between on- and off- axis points with a fixed calibration source.
3.4 Current and Future Deployments
A deployment of the AA system was attempted in the summer of 2014. This deployment was
intended to act as a part of the Double Chooz 3rd calibration campaign, the third yearly calibration
campaign for the Double Chooz experiment. The AA contribution to the calibration campaign was
planned to consist of installation, testing, and finally, predicated on the success of the earlier two
steps, a series of test deployments.
During the installation, the pan which serves at the point of attachment between the bottom of
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the glove box extension and the top of the glove box cracked. This crack was not discovered until the
pressurization testing of the glove box extension began. To resolve this issue in the near term, the
glove box extension was disassembled, the interior and exterior of the acrylic pan was painted with
Acrifix sealant, and the exterior of the pan was covered with modeling clay. These steps allowed us
to successfully pressurize the glove box extension and complete the validity testing successfully.
During the preparation for deployment, we discovered an inconsistency between the design for
the source wand and the actual wand, which prevented the housing of the source wand within the
source holder nut. With no ability to deploy a radioactive source, the test deployments were not
performed.
To allow for a successful deployment in the future, a series of changes and repairs were performed.
First, the acrylic pan was replaced with a solid stainless steel pan, which was installed in November.
Next, the source holder nut was changed to allow for the source wands to be held within the source
holder nut. Finally, due to concerns about overpressure inside of the glove box extension, a new
system of an automatic shut-off-valve was installed. These changes should allow for a safe and
successful deployment in the future.
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Chapter 4
Paraphotons
4.1 Theory and Motivation
The standard model of particle physics is a testament to the power of theory in modern particle
physics. However, there are some topics that require additional physics, for example, it has no
explanation for dark matter or dark energy and assumes a zero-mass neutrino. There are some
known extensions to the standard model that introduce new physics capable of explaining both at
the same time. Many of these theories require a new, hidden sector of particles which only interact
with the standard, visible sector of particles via forces with very weak couplings. Under one possible
version of a hidden sector theory, in addition to the well-known photon there exists a paraphoton
(γ′ ) with finite mass. A simple Lagrangian for this case has been developed by Afanasev [30] of the
form shown in eqn. 4.1
L = −1
4
FµνFµν − 1
4
BµνBµν − 1
2
χFµνBµν +
1
2
m2γ′BµB
µ (4.1)
In eqn. 4.1 F is the electromagnetic gauge field strength tensor, B is the field strength tensor
for the hidden sector, χ is the mixing parameter between photons and paraphotons and mγ′ is
the paraphoton mass. Motivations and constraints for a Lagrangian of this form come primarily
from anomalous results from the AMS and EGRET experiments [31]. The PAMELA experiment
detected an unexpected positron excess between 10 and 100 GeV [32], which was later confirmed
and expanded upon by the AMS experiment [33]. A graph of the AMS positron excess can be seen
in Fig. 4.1.
This excess can best be explained by a dark matter annihilation into e+e− pairs, but this requires
a very large annihilation cross-section. The annihilation cross-section required is much larger than
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Figure 4.1: A comparison of AMS results with other recent published measurements.
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what is allowed by thermal relic abundance. Additionally, thermal dark matter particles would
require boost factors of O(100) or more above expectation to explain the AMS excesses. The AMS
results also require simultaneously a high cross-section for lepton production and a low cross-section
for hadron production.
Generating sufficiently high energy electrons and positrons is generally associated with W± and
Z0 boson decay, as they produce equal amounts of electrons and positrons, and give both particles
a large amount of energy. However, the high energy electrons and positrons required are not a good
match to Z0 or W± boson decays , as Z0’s produce very few hard leptons and while W ’s can produce
the required high energy leptons, they also produce copious amounts softer leptons, which are not
seen in the AMS data.
Similarly, the EGRET experiment observed a larger than expected γ flux between 10 and 50 GeV
[34]. This excess could be explained through inverse-Compton scattering of high energy electrons
and positrons off of Cosmic Microwave Background radiation. Although the high energy excess
was not confirmed by the newer Fermi-LAT probe, the results from Fermi-LAT do not rule out a
contribution from dark matter annihilation.
The results suggest a dark matter particle which is charged under a new U(1) hypercharge.
One such model is a Chameleon Vector Boson Model [35], which predicts a paraphoton: a light
electrically neutral particle with a U(1) hypercharge corresponding to a conserved baryon number
-lepton number (B-L). This model also explains relatively small neutrino masses [36].
4.2 Prior Searches
There have been previous attempts to detect paraphotons, generally in the context of axion and
other hidden sector particle searches. The primary experimental method used is the “Light Shining
Through a Wall” (LSW) technique. This involves shining a beam of photons of a particular wave-
length at a “wall:” a material that is impenetrable to the photons. Some of the light will oscillate
into paraphotons before it strikes the wall, and pass through the wall without being absorbed. After
passing through the wall, the paraphotons can oscillate back into photons, yielding a detectable
signal. Experiments which utilize this technique include GammeV [37], BMV [38], OSQAR [39],
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Figure 4.2: EGRET re-analysis by Strong et al. [5] showing a break in the trend for E > 2×104
keV.
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Figure 4.3: SPring-8 limits on paraphoton mass and photon/paraphoton mixing parameter
(χ) [6].
and, more recently, SPring-8 [6].
Other experiments have used microwave cavities [40] for paraphoton searches. This group of
experiments uses a standing microwave established in one cavity, while a second spatially separated
cavity is monitored. Using the same principles as the LSW experiments, a photon in one cavity
has a probability of transforming into a paraphoton, moving through barriers, and then oscillating
back to a photon inside the second cavity. Similarly, a photon in the second cavity has the same
ability to move from the second cavity back to the first, using the same γ → γ′ → γ reaction.
Thus, paraphotons cause coupling between the two cavities in a fashion similar to a pair of coupled
oscillators. Further details of this method is beyond the scope of this thesis, but can be seen in the
Parker paper [40]. The established limits on paraphoton parameters, as of the SPring-8 results, can
be seen in Fig. 4.3.
4.3 Analysis Overview
The Double Chooz experiment is very well suited to detect paraphotons, with a powerful, well-
calibrated source of γs in the form of the Chooz B1 and B2 reactors. If these γs can oscillate into
paraphotons, some will decay inside of the Double Chooz target volume, producing a detectable
signal. In a sense, the Double Chooz experiment works as an extension of the “LSW” method. Our
search has two primary advantages over prior searches: a (comparatively) large target volume and
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a (comparatively) intense source of initial photons. Because of these advantages, we are capable of
probing areas of the (mass, mixing)-space which have been inaccessible to prior searches. However,
there are a number of challenges to extracting a clean signal.
We will begin by discussing the expected signal and our sensitivity to paraphotons. We will then
follow the chain of analysis, beginning with simulation, and proceeding through background fitting
and, finally, signal fitting. We will then discuss the results of our search, and the opportunities
presented by the Double Chooz Near Detector, which is scheduled to come online in 2014-2015.
4.4 Expected Signal
The total expected signal as a function of energy is expressed by Eq. 4.2:
Ndet(E) = Nγ(E)FAr(E)FDe(E)
1
4pi
ΩRBranch(χ)
2(E) (4.2)
This section will discuss each of the terms in turn, save for , the detection efficiency, which will
be discussed in Sec 4.6.2. We will, for purposes of this calculation, examine only the Double Chooz
Far Detector. Considerations of the Double Chooz Near Detector will be handled in Sec. 4.7.
We begin with Nγ , the number of γs produced by the reactors. The vast majority are prompt γs
produced from fission products, but there are non-trivial contributions from β-decay products, nu-
clear de-excitation of reactor moderators and fuel rods, and from ineleastic nuclear scattering. From
studies of the Julich research reactor [41], the contributions of these sources give a parameterized
total photon rate, Nγ of the form: Nγ(E) = e
−Eγ/0.91[MeV ] · (0.58× 1018/MW/s) ·Pth, where Pth is
the thermal power of the reactor and E is the energy of the γ. This expression is valid for γ energies
above 1 MeV. The spectrum is shown in Fig. 4.4.
The next two terms, FAr(E) and FDe(E) are the fraction of arriving and decaying paraphotons,
respectively. The decay length of a paraphoton of mass MPara is given by DPara = γcτPara =
EPara
MPara
.
The probability of survival for a given decay length (DPara) and distance to the target (Dtarget) is
thus e−(Dtarget/DPara). Since the detector is 1 kilometer away, the fraction of arriving paraphotons is
given by FAr = e
−1000m/DPara . We do not have to take into account shielding of either the reactor
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Figure 4.4: Predicted Double Chooz reactor γ spectrum for energy > 1 MeV showing the
large expected γ production (> 1018).
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or the detector, as paraphotons should not be affected. Once the paraphotons arrive, they must
decay inside the 2.3 meter diameter detector to be detected, so FDe = 1− e−2.3m/DPara .
The next two terms handle geometrical effects. The first, 14pi , takes the raw rate of γs generated
at the reactors and spreads it over 4pi of solid angle. The next term, Ω handles the solid angle
subtended by the detector. The Double Chooz target has a height of 2.46 meters and a radius of
1.15 meters and is cylindrical in shape [3], giving a cross section of 5.66 m2, which translates to a
solid angle of 5.66r2 where r is the distance from the reactor cores to the detector.
The next two terms are model dependent. The term RBranch is the branching ratio to a detectable
signal. The paraphoton is predicted to have primary decay mode of γ′ → νν¯, which is not detectable
by our analysis. The paraphoton may also decay into 3 or 5 γs ( γ′ → 3γ or γ′ → 5γ). Of these two,
the 3 γ case is strongly favored. Our model uses a branching ratio of RBranch = 10
−7, motivated by
astrophysical limits [41]. The last term addressed here is χ, the oscillation parameter. The number
of γs which oscillate into paraphotons is mass and energy independent, determined solely by the the
dimensionless mixing parameter referred to in the literature as χ.
4.5 Simulation
To properly simulate paraphotons within DCGLG4sim, the official Double Chooz GEANT4 particle
simulation environment, we developed a new generator for the particles. The generator begins
by creating a spectrum of possible paraphoton energies, dependent on the reactor thermal power,
distance to the reactor cores, and on the paraphoton mass. This spectrum is used as a probability
distribution function in energy, from which an energy is selected for each paraphoton. That energy
is then split between three daughter γs inside the detector. In order to ensure that the splitting of
energy follows Fermi’s Golden Rule, we make use of a powerful geometrical tool. Specifically, we
create a sphere of radius R =
√
E, where E is the energy of the paraphoton. We then generate
a point on the surface of the sphere, which describes the X, Y and Z co-ordinate of the point
corresponding to the energies of the three daughter particles as per
√
E21 + E
2
2 + E
2
3 = E. We
impose a further condition that no one γ has more energy than the other two combined, as such
a situation would result in a non-conservation of momentum. We then use the same technique to
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divide up momentum between the three particles to ensure that momentum is conserved.
The paraphoton decay signals have been produced in the Monte Carlo and used to generate events
which are run through the standard analysis chain, simulating the effect of detector readout and
pulse, position, and energy reconstruction. These signals can then be mixed with data or similarly
processed Monte Carlo signals to allow for fine tuning of cuts, validation of the analysis chain, and
backgrounds.
4.6 Analysis and Data Processing
4.6.1 Analysis Overview
Now that we have a simulated sample of paraphoton events, we can begin to search the Double
Chooz dataset for a similar signal. We begin by developing a set of cuts which are used to remove or
reduce unwanted background events. Once these cuts have been developed, we use them on a sample
of pure background data to develop a model of backgrounds which can be scaled up to the larger
data sample which may contain paraphoton events. We also inject a set of simulated paraphoton
decays into a sample of pure background data, and attempt to reconstruct the signal to validate the
analysis technique. After that, we perform this analysis on the full Double Chooz 3rd publication
dataset and attempt to find a paraphoton signal.
4.6.2 Cuts
Because the number of background events dwarfs the number of expected paraphoton events, it is
vital to develop a set of cuts to improve the ratio of expected paraphoton events to background.
The cuts used are very similar to those used by Double Chooz in the search for neutrinos, but there
are unique refinements designed to select for paraphotons decays rather than neutrino events.
We begin by filtering out cosmic ray muon events from the sample, making use of the official
Double Chooz muon cuts. These cuts make use of the Inner Veto (IV) , but not the Outer Veto
(OV), as OV data is not available for all runs in the dataset. We make the following cuts to identify
muons: more than 200 MeV of energy deposited in the Neutrino Target (NT) or more than 30,000
DUQ (digital units of charge, approximately 15000 DUQ is 1 MeV) in the IV. The use of DUQ in
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the inner detector is because the exact relationship between DUQ and energy in the inner detector
is not as well calibrated as the relationship in the NT. A graph of the muon cuts plotted against a
reference Double Chooz singles spectrum from the 3rd publication can be seen in Fig. 4.5.
After we identify muon-like signals, we implement a post-muon cut of 1 millisecond to reduce
the contribution of cosmogenic muon products to the signal. These isotopes are produced by muon
interactions with 12C, either spallation or muon capture. In both cases, relatively long lived but
unstable isotopes, such as 9B, 9Li, 10C, or 11C. Unfortunately, most of the cosmogenics of interest,
particularly 12C, 12B, and 11C, are not eliminated by this cut, but their contribution to the signal
is reduced.
After the post-muon cut, there is a set of “light noise” cuts, designed to eliminate PMT-based
backgrounds. There are three parts to light noise elimination. First, an “MQTQ” cut, which
compares the maximum charge on any PMT with the total charge in the event, as light noise events
tend to have signals localized to a single PMT. Second, a “Qdiff” cut eliminates events which have
a very large difference in charge seen between the PMT with the largest charge and surrounding
PMTs, as a physical event will tend to deposit similar amounts of charge on nearby PMTs. Finally,
there is a “two-part” cut, which cuts on a combination of the RMS of the charge and the RMS of
the start time of the event on each PMT. A graph of this last cut can be seen in Fig. 4.6.
The specific value for the cuts used are as follows: MQTQ < 0.12, QDiff < 30000 DUQ, and
RMSTstart < 36ns or RMSQ < 464 − 8 × RMSTstart for the “two-part” cut. Events which do
not have values in this range are discarded. These cuts are the same as are used for the Double
Chooz 3rd publication [42], and have been extensively validated. Simulated paraphoton events are
not removed by these cuts, but the presence of light noise in the signal is sharply reduced.
In order to reduce the background from radioactive isotopes in the rock and target vessel, we
made use of a position isolation cut, considering only events which fall in the inner part of the NT.
This cut requires ρ < 100cm and Z < ±100 cm . This cut was used as part of the Double Chooz
single studies currently ongoing, and has been validated by our collaborators [43].
To distinguish the paraphoton signal from potential backgrounds, we make use of the Double
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Figure 4.5: IV (top) and ID (bottom) charge distribution in Double Chooz singles. Muon
cuts are marked in red.
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Figure 4.6: Light noise cuts in this work (in black) vs. those used in the DC 2nd publication
(in red).
Chooz position-reconstruction algorithm, RecoBAMA. We have discussed the two-part method by
which RecoBAMA reconstructs the positions of events inside of the detector in Sec. 2.5.3 of chapter
2. The first is a charge-based or “Q” reconstruction, which, to first order, assumes that the charge
from an event is spread across the surface of a sphere. Therefore, the charge seen by a PMT should
vary with distance in a 1r2 fashion, with closer PMTs seeing more light. The second reconstruction
tool is a time-based, or “T” reconstruction, which assumes that closer PMTs will see the light sooner
than further PMTs. This reconstruction algorithm effectively “blows bubbles” from PMTs that see
light, and looks for an intersection point. More discussion of the exact process used can be seen
Chapter 2.
The two reconstruction tools are used in combination for neutrino detection in Double Chooz,
but for the purposes of isolating paraphoton events, the time-based reconstruction tool has the
ability to help distinguish between simulated three γ paraphoton decay events and the background
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Figure 4.7: Paraphotons and cosmogenic singles comparison of time-like goodness of fit and
reconstructed charge.
events. We expected that the 3-γ paraphoton decay events would be poorly reconstructed relative
to backgrounds, as a 3-γ event would be less able to be reconstructed to a single vertex. The ability
to distinguish one from the other is not perfect, as the scintillator in the detector emits isotropically
and causes the light from the paraphotons out into a more-or-less spherical shape. A graph of
paraphoton signals in comparison to some common singles can be see in Fig. 4.7.
The backgrounds in the plot are 12B, 11C, and 10C, which are the primary backgrounds in the
energy range of interest. Cosmogenics are particularly troublesome, as there are very few sources of
naturally occurring radiation above 2.8 MeV, and the (n, γ) Gd capture has a well defined energy
peak. The spectrum of singles events in Double Chooz can be seen in Fig. 4.8.
It is clear that the paraphoton signal is difficult to distinguish from cosmogenic backgrounds even
making use of the likelihood cuts. However, complete isolation is not required, as the paraphoton
contribution to the Double Chooz energy spectrum can be analyzed by using the two-reactor-off
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Figure 4.8: Double Chooz singles Monte Carlo vs. measured rates. Note the Monte Carlo
matches the predicted spectrum very well [7]. The Y axis is rate in arbitrary units.
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(Off/Off) dataset to identify and model cosmogenic and radioactive backgrounds.
If the paraphotons are produced from the reactors, the Off/Off data sample should have no
paraphoton events. If we model the backgrounds in the Off/Off data, we can apply that model
to the two-reactor-on (On/On) data, allowing for the isolation of events which are unique to the
On/On data sample. The events found only in the On/On data would be paraphotons (or other
axion-like particles) and neutrinos. Moreover, since neutrino events have a set of well-described
energy features, it is possible to reduce their impact by selecting a region for analysis which lies in
the “gap” between the hydrogen and gadolinium neutron capture peaks.
4.6.3 Data Processing
Our analysis begins by applying the cuts described above to three data samples: the parapho-
ton Monte Carlo generated through DCGLG4sim and processed through the Common Trunk, the
Off/Off data, and the Double Chooz 3rd publication dataset of On/On data. The data sample
consists of approximately 5 days of Off/Off livetime and 156 days of On/On livetime. The parapho-
ton Monte Carlo sample used has approximately 20000 events, generated from paraphoton spectra
corresponding to masses between 1 and 100 keV. Some samples of the paraphoton spectra used can
be seen in Fig. 4.9 while the approximate number of events per day can be seen in Fig. 4.10.
4.6.4 Off/Off Data Analysis
We attempted to fit a set of known background spectra to the Off-Off data sample to validate our
background model. The background spectra were Monte Carlo spectra generated for the Double
Chooz 3rd publication. We did not attempt to fit below 2 MeV, as backgrounds in that region are
large, not well characterized, and do not affect the region of interest for our study. Our goal was
to characterize the backgrounds present inside of the window between the gadolinium capture peak
(centered around 8 MeV) and neutron capture on hydrogen energy peak (centered at 2.2 MeV).
The primary spectra we used to fit were the cosmogenic isotopes 12B, 10C, and 11C as well
as natural 40K, 210Tl and portions of the 220Ra and 238U decay chain. We found a great deal of
radioactivity correlated with the Target acrylic vessel, validating our use of the target isolation cut.
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Figure 4.9: Sample paraphoton spectra for Far Detector, at full reactor power, with various
paraphoton masses.
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Figure 4.10: Expected paraphotons detection rate per day for the Far Detector.
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Figure 4.11: Off/Off Spectrum fit with combined Monte Carlo-produced backgrounds. This
fit is not directly compared to the On/On data but is used to ensure that we understand the
large features of the Off/Off dataset.
A picture of the Off/Off spectrum, post-cuts fit with the Mote Carlo backgrounds near of the region
of interest can be seen in Fig. 4.11.
Also as part of the Off/Off nalysis, we determined the exact energy region of interest for the
paraphoton search. This was done by taking the ratio of the total number of Monte Carlo-produced
paraphoton events in the region of interest to the total number of events in Off/Off pectrum within
the same region and looking for maxima. We found that the energy range between 4.1 and 5.2 MeV
gave the largest ratio of paraphoton events to background events. Fig. 4.12 shows the ratio between
number of expected paraphoton events and number of expected background as a function of the
lower limit of the region of interest.
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Figure 4.12: Ratio of paraphoton events to background events as a function of the lower limit
of the region of interest showing the 4.2 MeV peak.
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Figure 4.13: Scalable fit to Off/Off data in the region of interest. This is the fit that is scaled
with the On/On data as a background to be subtracted.
This region has the additional benefit of being well-described by a decaying exponential, allowing
for model-based background subtraction. Being able to use a model-based subtraction, as opposed
to a scaled rate subtraction, is very helpful for reducing the contribution caused by statistical error.
Since the Off/Off data period has approximately 5 days of livetime while the On/On data has 156
days of livetime, being able to subtract a model of the background allows us to consider only the
statistical error associated with the On/On data, rather than having to scale up the Monte Carlo
data sample or the Off/Off data. Fig. 4.13 shows a fit of a decaying exponential to the region of
interest in the Off/Off data. We can scale this fit with livetime to the On/On data, allowing for a
clean background subtraction.
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4.6.5 Sensitivity
With our cuts established and region of interest characterized, we can then proceed to calculate the
expected sensitivity of the experiment. We begin by determining the sources of error expected in the
experiment. The first and most prominent source of error is the error associated with the cuts used
to isolate the paraphotons. We determined this error by breaking the paraphoton Monte Carlo into
sets of 5000 events and applying the cuts to each set. We then computed the standard deviation of
the number of events left after all the cuts had been applied, giving the associated error.
Another source of uncertainty is the reactor power. Thankfully, the reactor power error has been
characterized as part of the Double Chooz search for neutrino signals, and we can make use of their
determination of reactor power error, 5% [44]. The final source of experimental error is the livetime
calculation. Livetime is calculated by subtracting the time lost to muon cuts from the total time.
The error in this term comes from the calculation of total time, which is handled by counting the
number of fixed rate triggers within each run. These triggers occur once per millisecond. However,
they are not synchronized to the starts and ends of runs, resulting in a maximal error of 2 ms
per one-hour run. Since all the errors above are uncorrelated, we add them in quadrature, giving
σ2sys = σ
2
Livetime + σ
2
Power + σ
2
Cuts.
A further source of error is the statistical error of the data sample. This is described by a Poisson
distribution, which can be approximated as a Gaussian as there are many more than 3000 events
contained in the region of interest, resulting in an expected statistical error of
√
N where N is the
number of events within the region of interest. Error on our background model was obtained by
taking the error on our fit and evaluating the change in the number of events in the background
model as a result of 1 σ of change in our background parameters.
We then perform a rate-based analysis, using the fit results to the Off/Off data as our background,
and the paraphoton Monte Carlo as the signal. We used the Rolke [45] fitter, developed in 2011.
It makes use of a profile likelihood to generate confidence intervals in the presence of nuisance
parameters. These profile likelihoods have the benefit of providing a fully frequentist approach to
sensitivity determination. Following the work of the SPring-8 paraphoton study, we determined 95%
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Figure 4.14: Expected sensitivity of Far-Detector-only data at 95% confidence. Y -axis is χ,
the paraphoton mixing parameter, while X-axis is paraphoton mass.
confidence intervals for our paraphoton search. These limits, as a function of livetime, can be seen
in Fig. 4.14.
4.6.6 Paraphoton Injected Sample
In order to validate our paraphoton search technique, we injected a sample of paraphotons into the
Off/Off data. We then attempted to find the paraphoton signal within the paraphoton injected
data and within the standard Off/Off data. Doing this comparison alerts us to the possibility of
“false positive” results, as well as acting as a practice run for the final fit. We injected paraphotons
corresponding to a mixing parameter of χ = 10−2 and livetime equal to that of the Off/Off data.
We chose a very large mixing parameter in order to ensure that the signal would be seen in the small
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Figure 4.15: Paraphoton-injected spectrum compared with the paraphoton spectrum and
clean Off/Off spectrum used to generate it.
amount of Off/Off livetime available. Fig. 4.15 shows the Off/Off spectrum along with the injected
Off/Off spectrum and the paraphoton signal used for injection.
We found a best fit rate of 550 events ± 148 events over 5.29 days of livetime. The actual
number of paraphoton events injected was 414 events, meaning that the fitting procedure functions
as expected, returning a best fit result that was consistent with the true rate.
4.6.7 On/On and Final Fits
The On/On data is processed in a similar fashion to the Off/Off data with the small exception that
the files are too numerous to be processed in a single run, so the spectra and live-time are calculated
by summing several processed files. The livetime of the On/On data sample is 156 days of livetime.
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Figure 4.16: Paraphoton limit at 95% CL for this analysis of the Double Chooz Far Detector,
showing a new laboratory limit in the range 26 keV < E < 30 keV. Y -axis is χ, the paraphoton
mixing parameter, while X-axis is paraphoton mass.
After the On/On data is processed, we follow the same analysis procedure that we followed for the
Off/Off injected sample.
We begin by taking the Off/Off fit, and scaling it with livetime to the On/On data. Using that
fit as the background, we then calculate best fit rate for paraphotons, as well as the lower limit on
the rate given a 95% confidence interval. In the event that the lower limit is less than or equal to
zero, we calculate the critical rate, the rate at which the lower limit of the best fit rate is greater
than zero. We then calculate the required mixing parameter, χ, for each paraphoton mass tested
that would result in a detected rate equal to the critical rate. This mixing parameter is then used
to set a limit for the maximal mixing parameter at each paraphoton mass. We see no evidence of
paraphotons in our analysis, and the results of the subsequent rate study can be seen in Fig. 4.16.
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We do not exceed the SPring-8 limits for the mass range of 1 KeV through 26 KeV. However,
we do set new laboratory limits on the mixing parameter for paraphoton masses 26 keV < Mpara <
30keV. We did not exceed theoretical limits placed Rydberg transitions, but we broke new ground for
laboratory paraphoton detection experiments [46]. We obtained a minimal values of χ > 4.23×10−3
for mpara = 26 keV paraphotons.
4.7 Future Work
The analysis shown above can be greatly improved through the introduction of the Double Chooz
Near Detector. At 400 meters away from the reactor cores, the Near Detector is much closer than the
Far Detector, meaning heavier paraphotons are less likely to decay during their flight and a larger
total flux of paraphotons through the detector. With these improvements alone, our sensitivity
improves to χ > 8.25× 10−5 for mpara = 2 keV paraphotons after only 100 days of livetime, better
than the SPring-8 limit. The combined results of these two improvements are shown graphically in
Fig. 4.17.
Additionally, there are expected upgrades to the front end electronics. These upgrades will allow
for greatly improved pulse start time determination, potentially allowing for better use of the time
likelihood to distinguish between paraphoton events and backgrounds. The effects of these upgrades
are not shown in Fig. 4.17. All of these improvements point towards greatly expanded sensitivity
to detect or limit paraphotons in the Double Chooz experiment.
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Figure 4.17: Expected Near Detector sensitivity compared with current limits, showing poten-
tial improvements. Y -axis is χ, the paraphoton mixing parameter, while X-axis is paraphoton
mass.
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4.8 Conclusion
The thesis began with a discussion of the history of the neutrino and its role as catalyst for the
development of new physics (Chap. 1). Of particular importance is the discovery of neutrino oscil-
lations and the resultant need for new, beyond the standard model physics. One of the experiments
characterizing the frontiers of neutrino physics is Double Chooz, which was the focus of the second
chapter.
The subsequent chapter of the thesis (Chap. 2) discussed the Double Chooz experiment, a
reactor-based search for the neutrino mixing angle θ13. We discussed the experiment in detail,
including its primary mission, the measurement of θ13. We discussed the need for powerful calibra-
tion tools to allow for a precision measurement, particularly once the Near Detector phase of the
experiment beings.
The next chapter of the thesis (Chap. 3) details the design, development and use of a novel
calibration system for the Double Chooz experiment, an Articulated Arm. The Articulated Arm is
capable of making radioactive source deployments throughout the volume of the Neutrino Target,
with a precision of < 1 cm. The Articulated Arm is a powerful asset, able to validate detector
response through direct comparison of on-axis and off-axis points.
The final chapter of the thesis (Chap. 4) detailed a search for paraphoton signals in the Double
Chooz 3rd publication dataset. The paraphoton is a light, electrically neutral, axion-like particle,
generated from adding a new U(1) symmetry of baryon number - lepton Number. We searched for
decays of these particles inside the Double Chooz Far Detector using a rate-based method, heavily
leveraging the two-reactor-off period to allow for background calibration. We observed no events
in excess of background, giving a new laboratory limit on the photon-paraphoton mixing angle χ
at the 95% confidence level for paraphoton masses between 26 and 30kKeV, with a limiting value
of χ > 4.23 × 10−3 for mpara = 26 keV paraphotons. We then discussed the future of the search
for paraphotons in the Double Chooz experiment, particularly the benefits to the search that will
occur when the Near Detector becomes operational, such as an improved sensitivity at the level of
χ > 8.25× 10−5 for mpara = 2 keV paraphotons after only 100 days of livetime.
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